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Research on Transition Metal Selenide-Based
Electrocatalysts for Efficient Hydrogen Evolution and
Alcohol Oxidation

ABSTRACT

Due to the increasingly severe issues of environmental pollution and
energy crises worldwide, the search for clean and renewable energy
sources has become an urgent priority. Hydrogen, with its high energy
density and zero-pollution characteristics, has become an ideal substitute
for fossil fuels, among which hydrogen production through water
electrolysis is regarded as one of the effective strategies for green
hydrogen production. However, the oxygen evolution reaction (OER)
occurring at the anode during water electrolysis is a multi-electron process,
resulting in slow kinetics and high overpotential. Moreover, the mixing of
oxygen produced at the anode with hydrogen at the cathode presents a
significant explosion risk. In contrast, alcohol oxidation reactions
demonstrate faster reaction kinetics. By substituting the anode OER with
alcohol oxidation reactions, it is possible to effectively reduce the
overpotential of the anode reaction while simultaneously producing high-
value-added chemicals through the oxidation of alcohol molecules.
Therefore, this paper aims to achieve efficient hydrogen evolution and
alcohol oxidation by designing and synthesizing a series of transition
metal selenide catalysts, as well as to explore their reaction mechanisms.

The primary research contents of the thesis are as follows:
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(1) Through a high-temperature selenization process, we successfully

synthesized copper-doped zinc selenide nanoparticles embedded in
nitrogen-doped carbon nanostructures (Cu-ZnSe@NC). The three-
dimensional porous morphology and tunable electronic structure endow
Cu-ZnSe@NC with excellent hydrogen evolution reaction (HER)
performance. At a current density of 10 mA cm?, the overpotential is
merely 84 mV, accompanied by a Tafel slope of 45 mV dec!. Both
experimental and theoretical calculations indicate that the incorporation of
the heteroatom copper not only increases the number of active sites and
enhances the intrinsic activity of the catalyst but also modulates its
electronic structure, optimizing the adsorption of H-O and H*, thereby
facilitating the hydrogen evolution reaction under alkaline conditions. This
study offers valuable insights for the design of selenide-based HER
catalysts with high catalytic activity.

(2) Substituting the oxygen evolution reaction (OER) with the
methanol oxidation reaction (MOR) represents an effective strategy for
enhancing energy conservation in water electrolysis for hydrogen
production. In this study, we successfully fabricated hydrangea-like
nanoheterostructures composed of manganese selenide and nickel selenide
(denoted as MnSe/NiSe). The controlled introduction of the heterometal
nickel facilitated the electron transfer from manganese selenide to nickel
selenide. This electronic regulation optimized the adsorption capacity of
the heterojunction catalyst for both water and methanol, resulting in the
formation of dual active sites at the MnSe/NiSe heterointerface, and
consequently achieving excellent hydrogen evolution and methanol
oxidation performance. When MnSe/NiSe was employed as a bifunctional
catalyst in methanol-assisted hydrogen production electrolysis cells, the
electrolysis voltages at current densities of 10 and 50 mA cm? were

recorded at 1.53 V and 1.79 V, respectively, which are significantly lower

\Y
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than those required by conventional water electrolysis systems for

hydrogen production. This work presents a promising energy-saving
strategy for hydrogen production via water electrolysis.

(3) Through a process of room-temperature co-precipitation followed
by high-temperature selenization, a nano-heterostructure composed of
ZnSe and MnSe (ZnSe-MnSe) was synthesized. The incorporation of
manganese facilitates a rearrangement of the electronic structure,
promoting electron transfer from MnSe to ZnSe. This electronic
modulation enhances the formation of distinct active centers for the
hydrogen evolution reaction (HER) and ethanol oxidation reaction (EOR),
thereby optimizing the adsorption of H* and ethanol, and resulting in
superior HER and EOR performance. Due to the advantageous
thermodynamic and kinetic properties of EOR in comparison to the
oxygen evolution reaction (OER), the voltage required for ethanol-
assisted water electrolysis is significantly lower than that of conventional
water electrolysis systems. Additionally, the anodization product, ethyl
acetate, holds greater economic value compared to the oxygen generated
by water electrolysis. This study not only elucidates the influence of
heterostructures on electrocatalytic EOR and HER performance but also
offers insights for the design and synthesis of efficient electrocatalysts for
practical applications.

(4) Through a straightforward high-temperature selenization process,
we successfully synthesized manganese selenide/cobalt selenide hetero-
nanoparticles embedded in nitrogen-doped carbon (denoted as
MnSe/CoossSe@NC). Both experimental and theoretical studies
demonstrate that the formation of the MnSe/CoossSe heterostructure
enhances the adsorption of monohydric alcohol molecules, thereby
rendering MnSe/CoossSe@NC a high-performance electrocatalyst for the
monohydric alcohol oxidation reaction (M-AOR). Notably, on the

\
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MnSe/Coos5Se@NC electrode, the catalytic activity order for M-AOR is

methanol > ethanol > n-propanol > isopropanol. Furthermore, the electron
transfer from CoossSe to MnSe promotes strong electronic interactions at
the MnSe/Cooss5Se heterointerface, enabling superior hydrogen evolution
reaction (HER) activity. Test results indicate that the voltage required for
methanol-assisted water electrolysis using MnSe/CoossSe@NC s
significantly lower than that required for pure water electrolysis. At a
current density of 10 mA cm, the electrolysis voltage is only 1.49 V, and
a high-value-added formate product is generated at the anode. This work
provides an effective and promising solution for the design of high-
performance electrocatalysts and future energy-saving hydrogen
production applications.

KEY WORDS: Transition-metal selenides; Electrocatalysis; Electronic

structure; Hydrogen evolution reaction; Alcohol oxidation reaction
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Figure 1-2 A water electrolysis cell under alkaline conditions!!2].
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FEB I R AR
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[31],

Figure 1-3 Mechanisms of HER in acidic and alkaline electrolytes
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20% — 2% + 0 (a3 1-16)
B

O* + H,O0 — HOO* + H" + ¢ (AR 1-17)
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B
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HOO* + OH" — * + 02 + HoO + ¢ (A58 1-23)
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Figure 1-4 Mechanisms of OER in acidic and alkaline electrolytes!**].
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Figure 1-5 (a) Schematic of the synthesis of multiphase Ni-Fe selenide nanosheets NiSe;-
FeSe»/PNFF; (b,c) Electron microscopy of NiSe>-FeSe»/PNFF; (d-i) Electrochemical properties of

NiSe,-FeSe/PNFF43],
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Figure 1-6 (a) Schematic of the synthesis of FeSe2/CoSe; (b-d) Electron microscopy of FeSe2/CoSe;
(e-g) Electrochemical properties of FeSe»/CoSel#®l,
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Figure 1-7 Schematic illustration of alcohols assisted hydrogen production!®3],
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1.3.1 BEREURMRE
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AOR WLEEJTTH, Rl k5t & Ja A7) 7 TS 1 SE Mgt R sl B 9T N G
HT LN UM R B, BFEEZ AR BRI (NOR) R HLE (SA
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Ni(OH): ) LSV HHZAHXTR, NOR idt#EH, 7& 1.50V 2 )5, HIL TR R
fhita#h (B 1-8b,e) o Rk, 7E B-Ni(OH) fFEABAEALFIFIENL N, NOR
FLRAEAE B-Ni(OH), F1 DDL Z |81 sl F i o (AR 2, S T At iy
NOR EMEMEREAL, S NOR dEHMHEEET 1.50 V. EIIXT B-Ni(OH):
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a Nucleophile oxidation reaction mechanism for B-Ni(OH), b

Q N

é i_ © o

o
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© H ‘I

‘urrent density (mA cm”)

e

4 3 16 — - - - -
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Kl 1-8 (a) B-Ni(OH), MIsEAZSEML N HLH; (b) £ 1 MKOH ' B-Ni(OH), £ 1 M KOH
& /ANE CBE LSV (c) B-Ni(OH), HLMREARTH AL N OER M1 NOR 1A 78 1561,

Figure 1-8 (a) Nucleophile oxidation reaction mechanism of -Ni(OH)z; (b) LSV for B-Ni(OH), on

GCE in 1 M KOH with/without ethanol; (c) Bode plots of B-Ni(OH); electrode for OER and NOR

in different potentials™>®.
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Figure 1-9 (a,b) Electrochemical performance of NiMn and NiFe-LDHs; In-situ Raman spectra of

(c) NiMn and (d) NiFe-LDHs; (e) Reaction mechanism on NiM-LDHs (M=Mn, Fe); Gibbs free
59]
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Figure 1-10 (a) HC'®*O'"®*OH/HC'®O'0H ratios of '80-labeled catalysts (LaCo'%03, SrCo'%0s.q,
Fe'30Hy, and Ni'80Hy) in contrast with unlabeled comparisons; (b) Schematic band diagrams of
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Figure 1-11 (a) LSV curves of electrocatalysts; (b) Faradaic efficiency; (c) Theoretical analysis of

hydrogen production and electricity consumption; (d) Overall water-splitting stability test[®],
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Figure 1-12 (a,b) Electrochemical performance; (c) Histogram to compare the OER, EOR and HER
catalytic activity ; (d) Schematic diagram of the traditional water splitting and the hybrid water

splitting devices; (€) The two-electrode polarization curves; (f) J-t curves!®8],

Xu Z NS K A 5 7 8l R 715 R R 5418 (Co-NiSe/NF)

K 1-12a-c fin. ZMEHENRTE RN (HER) MlZEESEAL RN (EOR) FEIM
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AR IIVERE . Qi 1-12d s, R T RRAROK SRR B ERIOK S R E
TECTERBIK o R B, PR @ I E I SR &R, IR R E <. Bl
Ja, W 1-12¢ FizR, A Cox-NiSe/NF 7E R4 7K 43 il Al 2L B4 B 7K 40 it o i 4
EPEREREAT T T . RIS REM, 76 50 F1 200 mA em? [IHIREE T, 4
B4 B K 20 i 103 B 7 20 BIBRAR T 142 AT 291 mV. BE4h, 0 1-12f B,
Cox-NiSe/NF UL AR S HAR e . o T A0 5 (A /K 43 i A0 B Al B 7K 4 i
PERE, Cox-NiSe/NF F A i B F Al 5

Li 25 N [O:R F IR RN IR) 7K #0487 AN [R] (R Al A ) 7 s 4544 (NiCoSe,
NiFeSe A NiCuSe) . fE=M R &+, Ni B &N NiCuSe < NiCoSe <
NiFeSe. NiCoSe I HF 5 M Ni A7 o Hfaf 43 A5 AL (AL . B A0 F
TR T d A, R EE RS IR IR PR AN AR, AT E T EOR
B J1%
(3) IR B A

10 +——y SRS DU SS—— 104 501
00 02 04 06 08 10 12 00 02 04 06 08 _10 12 020 .0.15 -0.10 -005 000 005
Potential / V (vs.RHE) f Potential / V (vs. RHE) Potential / 'V (vs.RHE)

=

02 01 00 o1 02
Potential / V (vs.

03 04
RHE)

q”]

K 1-13 (a,b) Rh-NSs ] CV HiZk: (c-e) Rh-NS [¥) LSV fhzk: (f) #iln 0.4V HJER, Rh
-NSs/Rh-NSs B 7K 53 i 1 i 11700,
Figure 1-13 (a,b) CV curves of the Rh-NSs; (c-¢) LSV curves of the Rh-NSs; (f) Photograph of the
Rh-NSs/Rh-NSs for water splitting powered by an applied voltage of 0.4 V701,

i A B R B AR T AT EUR . (OER) WIS RAL, PRI e PO I A AL
Jefi (IOR) w[{EJA OER HHEAEEAU S . Chen 55 N BRI &l 1 4K
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S W N2 e VAT
RhUO, FEREME RPN 1M FAEGE, L (K 1-13ab) ER7E

0.3V A IR E R EW I, XIEsET Rh-NSs HAM IOR iEhE. B 1-
13¢c B/ni) LSV HHZRIEEAE S, EB BRI I I A 220 HER  HLfEE AL
W, ESH 1M FHREER 1 MKOH ¥+, Rh-NSs {5 AW I GE A L7
Bt Pt-NCs HALR ) HER/IOR J&ME (B 1-13d) « fEANFELE ST RS
BT, TE 161V MHEERSEALASMEAS, MERNRENEG, X7 04V
(i H e R AT E B AR 7 AR SO B AR AR T (] 1-13e,6) &

Wu 55 NRIE T SR BRIEFE B RS R AR 4 NiSy AT, 1%
AL TR R T RS B AT SR R0, AR R, SRA NiSo/CFC i 7 W] £ BH )
¥ 2 MR FEAL AR B B R A, R FEBIAR LLIZ IR T OER (1 H AL SE I
el AR, SRR 045M FNER, 75 20 mA cm? 1)
RN, IOR Mg ff7% OER FEMIKT 280 mV.

1.4 EENFIRYIEE RIS

LV <R AR A A FE TS ASF R s S5k SRR B TR E
O BRI O R AR, A B IR KPR R . RVE A IR A
(R <5 Je i LA R R B P A PRV AL 1k D T i s R A, X BEAS 1
TR MV N o A S I I < e 2 P R A 7 o S s v PR AR R R T 2L
I R SR BEB R T2 73] D9 Th i I < R Ak B AL R PR RS, AT ER 1R 5N
RIRT B BRI TRE R R o I S5 R A2 57k, DU R S S [l

141 ZRFiBZ

RIE T B e R AR T S A ROR . IR RS B R
R REME (TMCs) Zid R &1, fehs & =TT A o K
R =S b 1 S W v 1 LR G Bl S R G B i =t D W A BN PN VRP
K SO e T ) B A R, MR R I R AL &) (TMCs)

XL 5 Al AAE S 25T M A B NS 2 R . ARPE SRR T RISRA, IR
a4 (TMCs) H B AT LB NHE T B E 715 2% f£ 5% gl
A F S B R T, I [ XA P AR A Ak B, X — B B ] Rt BLAE
FHE TSR, B REAHE TBRME (K 1-14)
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Bl 1-14 JRJEF B 7 E 05
Figure 1-14 Regulatory scheme of heteroatom doping!’>].

HAr, SRR —RIER/AFeRTRBRILESFRLEY) (TMCs)
g, DAl nl 4% B AL TEEU TSR s B AW d $uE,
AR N TR EAL R, BB 71528 C8U 2 DA IR PR A A R A o ) S
HERUT ., BR T HE B RS, KA. k. A RNBEEESETRE R
TMCs MBI B A, o] DL A BRAL 2 1t 5T, AT 3 e AL TS PED8T, otk
Ah, ERERKE, HB2575IN TMCs 9K R 25 BT Rl B SRR 8 47
791, e @l B 4], AT DA BIAME TMCs R 5] A3 700,
EAAE AL X T AMES AL, HIE MR B ZMIBRSEN . SEIIESE, i
WG R FEME, B BRANMES AL EEERE, RS
AEAAE AL HRG HRA t o £E FRAEAL AT, SRBR S5 K 5 25 60 70 A A IE SE BUAT B
TR DR, B IR R G S B AR AR, TSI i R &
(TMCs) AR B PR AL s LA R H - 2 R i, S A B [RI B A e A R0 i
HE AL RE. BTFURE], 72 TMCs AR R, Bhia 5335000 FEER
ST RETR AL | BB R A, AR IR, A DA AT B S R RS R X
B R R U7,
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H+e >, Ce-CoPNiP .*7/ 1/2H, ] >
X P 5o a Ce-CoP/Ni,P !
» o
” . <-0.15] o
04| 2 v
. 0
b < o
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|\, CoPNi,P, "/ <-0.25 o
NTCoP 1 e o CoP/Ni,P
f "a}'ﬁ-’} -0.354 » CoP
Ni,P LY B
3 p\g. 0 ) Far évfday frf:m E, - Ni P °
r r r 0.45 T T T T T T
E 3 4 5 20 18 18 -1.4 12 .10
Reaction Coordinate d-band centers (eV)

Kl 1-15 (a) Ce-CoP/NisP@NF {45 El; (b) Ce-CoP/NisP (125 B A 55 B — 4k Fr: () Ce-
CoP/NizP. CoP/NisP. CoPHl NisP ] AGu+: (d) AGu+ 5 d ity (eq) ZIAIK R,

Figure 1-15 (a) Schematic diagram illustrating the fabrication of Ce-CoP/Ni;P@NF; (b)
Differential charge density 2D slice of the Ce-CoP/NisP; (¢) AGu+ for Ce-CoP/NiszP, CoP/NisP, CoP,
and NisP; (d) Relationship between the AGy+ and d-band centers (g4)!%].

%4, Zhang 5 ANBHi| & T Ce B4R H CoP/NizP (B 1-15a) . HEZ K
#Hig (DFT) 1HEERY, £ Ce fipaiRKAET 043 ¢ HHATFF, M CoP/NisP
i) Co f7AE] Ce (B 1-15b) . Ce #544f# CoP/NisP ) AGu+ M -0.31 eV
PEACZE -0.11 eV, FFfE d o @ ookaed (B 1-15¢,d) o Bk, Ce B¢
5 CoP/Ni:P 2 [B) P FIFE AR T st e #, NIRRT e 2. IXME1S Ce-
CoP/NisP@NF EILH LK HER MEEE (225 mV) Al 500 mA cm? HLJE % L
™ L775V HEAROK S i I, AR T AR SR SFAF (50 °C, 25 wt % KOHD
TRFFEIL 200 /N HER FaE M.

1.42 FRPETEE

BRI LR SR T AL A e A e o JEd 5] NBRIG RS T HES, W]
AL BT G50 S SR8 AT 434, AT 1 5 PR A S RO IR 2 i TR M i, 3T
FEL AL G AL 2 P R T AR (ECSA) o BRI 5 1 v 18] 44 I B REAI AL T A
JRNREAR, DR RB) 72, R, SR SRR A T IO AR AT S A
LERFRE .
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Kl 1-16 (a) |l M KOH "1 LSV H1Zk; CoossSe@C and CoossSeix@C i1 (b) Se 3d 1]
XPS i, (c) PRI, (d) i 26iE, (e) DOS K; (f,g) Co Al Se A7 Bader
FLAT 4T LA AR B 1 (0100 R ZE4F AT B2 ;. (h) OER I 78 r i) 35 A 7 1 el B4
Figure 1-16 (a) LSV curves in 1 M KOH; (b) Se 3d XPS spectra,(c) EPR spectra, (d) Raman
spectra, () DOS of Coo.s5Se@C and Coo.s5Se1-x@C samples; (f,g) Bader charges analysis on the

valence states of Co and Se atoms, and the charge density difference mapping on the exposed (010)

surface; (h) Gibbs free energy during OER!4,

B, Zhang 5 NBRF —Fpg B AR RR G Bh Z10h 77 i, ®l& T RAEFE
Se 2 4 B (CoossSerx@C) « WK 1-16a FiR, fEHIREEN
10 mA em? 26 F T, CoossSer~@C MRFRILH AL T 1 s Ak 2 E e, I LA A
N 231 mV. B 1-16b ELE T CoossSe@C M1 CoossSei~@C 1 Se 3d K.
ZEREKW, CoossSe@C M Se 3dsn FrAFIESRE T & & T CoossSerx@C, IXiEsK
T CoossSeix@C HAFEEEM Se L. Hid EPR FRA4E (E 1-16¢) ,
CoossSe1~«@C FERLTE g=2.003 ARILH E R IARE T, S DWUE T FE 5
Se TAIHIAEAE. HAt, WE 1-16d Fis, CoossSeix@C FEanHH ) Co-Se 5
FER Rk S, XHE T Se T AIE. EE 1-16e H, DFT IHH T
CoossSe@C Hl CoossSex@C MIAZEE (DOS) . 45 KM, Se N5 Nf
PRBERIPIREM 11.4eV HINF] 12.7 eV, i Bader 4T (B 1-160)
RIL, BEM Co JET (0100 A1 (001D fhi MM & B2 R %, X455
5K 1-16g S BATEE S, XKW, HTE Se FAMGIN, Co
Ao A E TR A T BB A @R T CoossSe@C Al CoossSer~@C 7
(001> A1 (010D Fhifm b e b rp [ A ) 5 A i ERE, FESIAN Se & )a, &HAl
HEHBEM 081 eV FFKE] 0.54eV, RFE Se AL T RMEN 1% (K 1
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-16h) o PALESEREKH, K&E Se FALHIGIASER I CoossSer~@C HIH T,
BEAR T R IR AL N S & P D S B %5 22, 32 T CoossSerx@C 1 HLAEAL 1

ap
Ae o

1.4.3 MERREN

WEFCR T, 5 o 5 PR A 7R £ F AR 7 P9 P I 2 vy T B2 20 (A 7R85, 3R
PERESETE £ B A T i 4 A S A e, e RS SEILA R I S B G
M T AL 1 7SS A R BRI, AR H AR BN A5 1 -
B, ST 2 40 AL i W R RN RE s AT e RE B AR S BB 05 HR
pir A A N 3 o S 5 S (AR LR, RS RO IS P A s I B R R, e
BT S5 ETRERRE, SR TR R B, T R A

'Mo-c_ ! 7 I <
t 4 i I N—C i @ 054
= |\ 5 ™\ v
3 : 3 0.0
8 i i Mo CQC| o veac| &
: i
£ i b £ 295
'GC')' - E ﬂ = \ g 1.0
= 1.0
- i Mo,CVC@C = A 5
! o,
: 2 5 Mocncad 8 -15
T T T S
225 23 235 240 510 515 520 525 L Hie o 2R
28 20 e
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15 e Interface
2.0 } —Interface —— Interface A
% | —¢Ce0, B30 —co0, ;
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o
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Bl 1-17 (a,b) XPS il (c) AT AL R E BB (de) Cos04/Ce0r FHTH LI
EELS HI B0 () sy % R KE,

Figure 1-17 (a,b) XPS spectra; (c) The free energy at the interfaces and surfaces!®*l; (d,e) EELS

profiles across the Co304/CeO; interfacel®l; (f) Electron density difference plot!3”],

40, Huang FEANSEIEHDE AR T Mo.C/VC@C, ZMEHE 10 mA
em? FJHEE FRWHMFK HER 68, HSHEAMALCN 122mV. WE 1-
17a,b iz, &£ Mo.C/VC@C )5 i S A7 /e s B FAH B AR . DFT 1157
B8 AGu+ AR ZE 035eV, £ MoC/VC RFAMHALK Mo-H 454 REM
ik (Bl 1-17¢) o ik, Liu SFABIEF T —F Cos04/CeOr RTEEMALT, #%
fEALFI/E OER HRILH 270 mV FIMKIT AL, X PR HEA £ ERET
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LR RER S A 18 3
Bz, HBTsEPALRR OER Phfe. M THREEHUKNE (EELS) 70#ra&W], 7ER

JAHE FAAEE BT, BT EEER 3.8 x 104 em?, {21 Co304/CeO:
AT HA s FIERREMSEE (& 1-17de) . M4k, Yang 55 AL
T — ol 3 S S 5 ok ) % LT i R A AL R 1 SR o GBI THEE MoOo/FeP
SR BT HE 2, RIA 217 ¢ N MoO, ¥ % FeP, i MoOy/FeP f#
WHRIRAE T BT ERH (B 1-17D .

15 ARXHHREXSTENE

AR (Ho) MEOR—Ma EA AR, FE6 e A B o AN 275 Qe Hb i Rk,
C AR BETR AR A TP AR R I REIR R . HAT, AR S AR —Fb
LUK FHBE AT X RE SRR RE TR NN IR R L2, JRIL 1 835 i REIRAL AL R .
ORI, BRI Br B T e 2 B P, 2 EHAE T BH AR A S N, (OERD
Kz 5t kel TR 52 . N RBGX — R, B 70 S R S N Bl 77 7 SR
BLIN T 158 S B AR R AT S S N, 3K — SRS AN BE S A R AR P AR I Az,
R SR S IIE A R, RS BAARAT EURON. (HER) S5 RF S SAAL I
I CAOR) #H45G, W SEBl i B A UM m iR IR P~ I R AP A2, X H
i A Y BT Ak A AR 7 5 SRR TR AT IO T SR RILE, IR AR TEHT A
AN A S S I FILER, R D9 TT R 48 B v AR FL A A7 B 5 1R s ) B AR Al
AR XS R 1, Rk R T 1B S N U SR A A S, il & T R
REIL I < SR A AL ) AL 7)o KBRS . (HER) SEFREAL RN (AOR)
M, SEHL T Al S SAEA m IE R IR A I [R5 A e ol
AR 7454, Atk 7 HER R M A Ta4E H* Bt L AOR
AR PRSI T RO, RIS E, SRR T AL . A
(K ZERTFCA B U R -

(1) AERH=RILVIE S iR b A4 & R 07%, sl 134
AL R BB IR A BB I E 54 KL (Cu-ZnSe@NC) . i@ 4 8 )6 A%
fih fr U R AR SR, RO ER I SN AR EE 1K 1 P iR R, Tl A
B BN R OB E e R L. BE PR RS2 BB THSER Y, R T
PRI SR, Al MRS, O RAE ST T AL TERE . SKIREs AR,
AR Cu-ZnSe@NC EEMEAM AT M BMELRCE, ERILH REFH)
HEALARE P XD BT HIS 2% SRS i v i R R AL TR SR Bt 1 T i) B BR AN 5
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(2) HTESGRMKHREINTE N (OER) 37152218 H o ifs id R A4

s PEE I T AR KIS . AR, SR PR AL R B (MORD
B OER mAMPFICBHARAT T (i . JET b — BRI O EA, =& T
78 1 i RS A SR 2L i PR 5 R e I oK 2548 (A2 MinSe/NiSe) , JEH# A
FHrE RN (HER) 5HEESAAL B (MOR) HIREA SR, AR BH R) T 75 (1
WAL Fd, Ni BIBIANEIE T MnSe MIHT4EM, RIS SN ETHE
AT MnSe/NiSe AN ACHT FEE IR B . BREET MnSe X Mn A7 542
B 7 MOR if%E, MEHH T NiSe XK Se firsifEidt 7 HER 2, MISEI
T RIRA AN MOR 1 HER FIXINRERFIE . A TAE Ay F i t RE 1) H
S Eh BT S B AR ER AL T A B AR AR T SR

(3) EFHWEAIMAER, KB ZnSe AlE N MM A M,
MnSe JUIXT F B AL R B 0 S AL e RS . DR, AR &R = R L e A i
Wi, K — T ZnSe HEE _F 1 MnSe ML A, W& T HMLE
WAL AR AL ) S R 4K 454 (B ZnSe-MnSe) . ZnSe-MnSe 5t )5 45 # {2 3 7 H
T M MnSe [ ZnSe (%, AR T MMM BT, RT3 H* F
R RE F1, MR T HTEUR . (HER) F1ZEEEAL % (EOR) IR
PEAL A . 1X{#43 ZnSe-MnSe fALFI/E HER A1 EOR H ¥R ILH L F A GE
A X AT BE ZnSe-MnSe HLHR 20 %% FERFERS, 7E 10 mA em? FJHIEJE
T 157V RMRHEEEE, RERTRBAKBMBFERN 179 V. &R
R GTT R @ RO e AR A T — Mol i B84

(4) FETHTT R AT E B R AR G I T, AT — PR T — &5 —
ol CEFEREE. 8. IEWEARERE) SRS (M-AOR) . 185 & i il
WL ZH 48 1 oAl A S/ A A Bt N 45 A B AL 1 10 2 T A oK S A (R AL 7). (MInSe/
CoossSe@NC) , FEHILPH FHTE RN (HER) SEERAI B (AOR) HIHE
Ao LIRS SE R, MnSe/CoossSe 5 45 BT A 2% T ALK
LT 254, fRf8 T CoossSe ] MnSe #7%, MIMHGsR 7 H* FEAEL T (1
WP fE 7, 18 MnSe/CoossSe@NC fE{LFFI7E HER 1 M-AOR R ILHIR 7 1)
PEfE. AR S, MnSe/CoossSe@NC fEALFIE M-AOR H FPERENF Jy: H
BEE ML > AN > ERESEAL > AR A, HEM
MnSe/Coos5Se@NC || MnSe/Coo.ssSe@NC XU L RE FH fF A 7E FF 4 B 7K B i Fh 2R 81
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U7 AN N2 e VALSE
HERc, £ 10 mA cm? HREE FMYUTE 149V B9 E, BRI A 78 BH AR A B e

BRANME N R R, RTINS AE RN ™ AL 2 <. AW ST AN, (HER) 5EFE
AL CAORD R & 7= A S i 18T A S
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F£E Cu-ZnSe@NC EE&MEHEITEREESHIR

2.1 515

H PR A D 3B BB K 0 R BT EUR S (HERD M IA N 2 fie f i A mJ
0 (R SR I 8890, FEBR ML HUR ST Th, HER i3d Volmer-Heyrovsky AlH i
17, BETFMHAEARLFE: M+ H0 + e — M-Hus + OH (Volmer S ¥8) 1 M-
Hags + H2O + ¢ — M + Ha + OH- (Heyrovsky ZIE) 190911 JK 73 i F %o R 2
KR, FETE TR I H AL ST, B FUER A,  [E] A R R
JoE AT S R IR O TR BT, X R EA R TR 22 HO R
WAZERE, JeAh, HrTEIAR Haas BB AERT 0 S B) ) 2 B ke 3 OGB4 FH 3
I, A BT AL LUERE HoO (RS AL IR Haas 0T84 PRI BFS AE
FEARTHIENT AN ERE AL B KA. ARPTASEN, 40 (PO AEAT 2 A H AT S R
WA, BA AR REAGTE TR SR, s B B A R 22 R AR e P BR ) 1 LK
BN RO, PR, R BA i AE T AR B E AL S 1 R AL 7] DA
B R AT R R

GBMACY) T HA SRR BT, EATERT 2 R T HERPS. BTl )
3d 5 4p RedipeEAHIT, H 3d PUETE Sl M S SRR TRADT. KR
T EEAE IR T A S DR ) S SRR, AN a2 F gy S 0 AN 27 S 1) AR 8.
FEARZ T, WA R s I R L R A R AUIC Y A P T 32 B
POCTEDY, SR, FEBRIEA B, fAAETE HER b A% rb i) K R B /7 A R 2
B/ R I AN BRARDOOL, R, SRR GRS AT, AT LA RO 1
WHRI BT 458, MM R & m HER PEReION, [EERENRE, FE&EETH
SIANAMY AT LAZ: 2 T 2 [ O, B REVA T G 1 P50, e s S
FEPE R AT 02T, e, HAE A PR RS T 2k rll i i TR R B EE B 0 HLO
AT Haas WM/ B, BEMIARTHEML T HER ARG RN, pLAl, 4
B od BFEEEENE dd serr R EER T T, AR B B RE
PAMEE HER 2524004, JARLGE S i ki al 3T i e B 0% . SR, 4wnkh
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X5 IR AL BE AR R B SE 56 B 5 BRI X sh =, X — 2 B %5 A HeH

W AR AR 5 98 E RN A

FEAT T/EH, ATERSSA TN ZnCu-ZIF JRAAKATIAL AL, AR
& T Cu-ZnSe@NC FLAEALT . FEBIPES BT, ZMEAFIFE 10 mA cm? 1
RS FRIE 84 mV KA Al 45 mV dec! [ Tafel . WLV,
Cu-ZnSe@NC AN R T K2 B O E M A7, H558)8 Pt
. ST R ORI A A, A TR B — U I R T
7% 51 B A7) R A BB 0 AT, Y I R AR AR A AL HoO 01, 2 O-H
BRSO e AL B AT DAEISS Se-H B, DAL H* BOWRBH/ B AR,
MR Z R TF Cu-ZnSe@NC Hi#% ) HER TEAE.

2.2 SCEGERSY
2.2.1 SLIGIRF

F 2-1 FERY 24 T A

Table 2-1 Main experimental drugs and reagents

Ziim AR ali i AT XK
INIK B RS IR >99.99 % ] 24 4 [ 22 7 A R A 7]
T R AR
— KA HE R4 99 %
KR HIRAF]
—_— 99,9, W R A AR B
! o R A 7
T . N , R R AR
WAy Sie S B S R 99 % LA
W R A AR B
B L) ~
Rl HIRAF
Vi N 1A%7AN
— L 08 9% b R AR B
HIRAF]
W R A AR B
N- FH 5 I % o i 99 %
FH L ILE % Ao > .
R SRR
I 99.5 %
HIRAF]
S >95 % il Tk7 (i) ARRA A
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Table 2-2 The main experimental instruments

NEEA N &R GO
BT RT FA 2004 FERHR SRR A IR A ]
& s B O KT16MB TEH T 7 P 2 2 AN AT B A )
(EEWG 206-12 TR A PR A ]
ALV Ea R 85-1 FiEERESRERA A
TEIR TR DHG-936Y FEWIF MR RABR A 7]
FAL 2 T CHI760E FiRAEEATIR A 7]

2.2.3 ZnCu-ZIF B%&

¥ 10 mg TNk = H R (CTAB) . 241 mg Cu(NOs):6H,O Al
297 mg Zn(NOs)2'6H20 ¥ fET 10 mL Z&MH/KH . 7mrfiidt: 30 2%, A
410 mg 2-FHEERKIE . )5, WS PTiE H S =R — 0. AT I
B, Hl%EA 122 M 20 AR Zn/Cu BEREERIRTINAR, 23 BIE R A ZnCu-
ZIF-1H1 ZnCu-ZIF-2. B4k, Al SRR T EAEA SN Cu(NOs)26H20 H 1%
UL T & T B )E Zn-ZIF.
2.2.4 Cu-ZnSe@NC E{L57IHHI &

¥ 200 mg A% ZnCu-ZIF 1 400 mg ¥ Se i iU E 7 M 10 3 b 1
AMIE. KRR Ar SRHBAE 500 °C FAn# 4 /N R R B RR R, 2-
FE DK P R0 465 8 4 A0 23 T RS S A R BB BN A 15 A Ak . DRI, 3RA8 T
HH 445 A AL B KRR IR N B A i 2RI GIK B 64 (B Cu-ZnSe@NC)
NTEE, B BER ZnCu-ZIF-1. ZnCu-ZIF-2 Al Zn-ZIF §i SRAR A AH [F] 4614
TERT Cu-ZnSe@NC-1. Cu-ZnSe@NC-2 1 ZnSe@NC.
22.5 HmAYFRIE

BEGH ) AR S5 4938 1 Bruker D8 Advance X HFZATHX (XRD, CuKa, A
=1.5406 A) #4741, FRGEEA 10 -80°, HHEEEN 2°min'. FEAHIIIGER
M el RS EE X HEOtH TR (XPS, Thermo VG ESCALab
250) FEATRAE, FAEREBR XPS Hid Xt B A A IR Gk #4740, B
U ATE (FWHM) 230, FES IO SE H B I f 26 %4 (Renishaw inVia)
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BEATIE , SRH] 532 nm BOGE, ThEEHN 90 mW. pbabh, FI 434 7 2 Rl
(SEM, Zeiss Gemin 500) Fli& ¥ 25k (TEM, FEI Tecnai G2 F20) %I
dn R BT R AL .
2.2.6 BALFEMRENIN

¥ 36 mg WA ARS 4mg Bim M LM (PVDF) 7£ 1 mL N-F &L
g LEE (NMP) EFIHRE, REKIREWIREINMKE E, Mm% T/ER
o FTA 0BG RE P AR E 1) = B B AT . A5 e R R B &
Y. Ag/AgCl BIBRAITRFE 73 ) FIAE AR Bt 2 LE Al AT Al . AR BTN 1
MKOH . M LSV FMMFTEAMMIEE 10 mV s N T. RIELLNEE
TR R AR E SR Erie = Eagiagai + 0.059 pH + 0.197. AL A 25 H
fe2FmEA (ECSA) i 0.783-0.873 V. (FIXIF RHE) HJ Ca fHiH5

2.3 RS

2.3.1 Cu-ZnSe@NC L FIBEH SR SRFTIE

1 I
- & 1
| B |
i Zn Cu Coprecipitation Selenidation : !
1 —y v I
I I
1 i
: :
| 2-Methylimidazole ZnCu-ZIF Cu-ZnSe@NC |
L e e e e e e e e e e e e e e e 1

K 2-1 Cu-ZnSe@NC [l %Rl .
Figure 2-1 Schematic illustration of the fabrication of Cu-ZnSe@NC.

WmE 2-1 Frow, @ w PR % T Cu-ZnSe@NC HAMEL, B EEt
UUUEVEFNBE 5 1 S A 72 . TESINKER B, & ) ZnCu-ZIF BOR A 44K
SLHTR, REOEW, FHRSFLN 200 nm (B 2-2a) o EFE ZIF S
TAGHI R 2. BL Li S5 AN . AlAT7E BV 77 o s Eh & i 1 35 %
ZIF ZRBRN0) . AR & AT KB A& % T LT7 46 ZIF 99Kk . e4t,
Liz-Marzan %5 N2 ARG ZIF A K= AR RORREM, 3 BRI T AN 7 1
FiRE . WetE. sh71 RSB ENS, 3 H, JEERAITR, BRMkRExT
ZIF BRIERURL I RIE, X n] Re 5 Hh A s a5 g k00T, B s, @il m iR mifl
AR, RRINSEIL T ZnCu-ZIF [ Cu-ZnSe@NC 164,
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Kl 2-2 (a) ZnCu-ZIF ] SEM &% (b) Cu-ZnSe@NC ] SEM E1%; (c,d) Cu-ZnSe@NC
() TEM Al (e) HR-TEM KEl{%; Cu-ZnSe@NC [# (f) SAED K&, (g-1) EDS K.
Figure 2-2 (a) SEM images of ZnCu-ZIF; (b) SEM images of Cu-ZnSe@NC; (c, d) TEM and (e)
HR-TEM images of Cu-ZnSe@NC; (f) SAED pattern of, (g-1) EDS elemental mapping of Cu-
ZnSe@NC.

Xf Cu-ZnSe@NC EEGM AT HM B 72 (SEM) RIAE (K 2-2b)
KIL, Cu-ZnSe@NC FEMIML )G R+ ZnCu-ZIF F MR fRIg8 K 57 07 R4y, I H.
RS BN KPR (NPs) 1Ak, AR %3] Cu-ZnSe@NC & &4k
HAMB MR Z LKLt . B BT RS (TEM) 455REH TIETE
FERREE R P R AP 800 Cu-ZnSe NPs (] 2-2¢,d) o BbAh, B HEREN TR
8 (HR-TEM, K 2-2¢) FEE/RT 0327 nm K5 EER, XFRF Cu-ZnSe

(JCPDS No. 37-1463) ] (111D fhifi, L EUESE T Cu-ZnSe@NC EAHMEHH
DG B BT o kI 3 AR fUZ 4k, Cu-ZnSe NPs J& i ARk 4434 7]
LIIEE IS0 s VAR R ] SR SR v R A ) (R A PR D08, S X AT L (L 2-2D)
A DAL B —SeREAE S T, B4m (311D (2200 AT (111) fhifd. K 2-2g-1 &
Cu-ZnSe@NC [fJRe EGHEOEIE{C (EDS) E%, 78 Zn. Cu. Se. C Ml N JG
RIEEEMEIILAE, R Cu BINTINE] ZnSe . Ie4h, H—Bi@Eid X 4
ZATH (XRD)  FrEo6iifl X AT R (XPS) XA IR AH 2H A
I FEEEAT T KRG HT
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b g | ZnSe PDF#37-1463 ¢ D
- Zn-ZIF experimental —_ ZnSe@Ng ~ -~
=2 ZnCu-ZIF experimental = Su-ZnSe@ NC =
< — ZIF Simulated 2 & <
£z = £
g 2 = 2
E f_.; 2 g 1300 1400 1500 1600
= I\ PN PV W PO - o = Rza;;m Shif (enr)
1} AW T ¢ 2
JbuL ot ol 11 R Ty TToe A \ Cu-ZnSe@NC
| | 7 ; ZnSe@NC
10 20 30 40 50 10 20 30 40 50 60 70 80 1000 2000 3000 4000
2 theta (degree) 2 theta (degree) Raman shift (cm™)

Kl 2-3 (a) Zn-ZIF 1 ZnCu-ZIF ] XRD K&l; (b) ZnSe@NC F! Cu-ZnSe@NC [F] XRD K;
(c) ZnSe@NC F1 Cu-ZnSe@NC Wi Z itk .
Figure 2-3 (a) XRD pattern of Zn-ZIF and ZnCu-ZIF; (b) XRD pattern of ZnSe@NC and Cu-
ZnSe@NC; (c) Raman spectrum of ZnSe@NC and Cu-ZnSe@NC.

ATORAAR) XRD Wil 2-3a fizn, Zn-ZIF F1 ZnCu-ZIF [FHHZEAT ZIF 54
(R e B AR — 3, REABF ZIF AT & B, M4h, ZnSe@NC 5 Cu-
ZnSe@NC [f] XRD 75 ULBCSL A F-43m 4544 ZnSe FrifEiR )+ (JCPDS
No. 37-1463, 2-3b) . fr=tiIkT R (B 2-3¢) , EEMEHE 13332
em! (D 1§) | 15759 cm™ (G U§) K 2807.9 cm! (2D ) Ab 5 H gL AR AL
FRAEIENT, {§i15 Cu-ZnSe@NC )i 2 IEMHEL ZnSe@NC HIL T i #35h, *£
B Cu BT T HTEMEMI, ZIRAMGEE Cu JRF RN ZnSe
A, TR HE R T S 4B 5 A A A S AL A BT R
2.3.2 Cu-ZnSe@NC IR FLERIFRAE

a b T €
Zn2py,
< S y &
z ; e —|
=z € Cu-ZnSe@NC £
= = =
2 = 8
= = =
ZnSe@NC
—— Cu-ZnSei N¢
1000 800 600 400 200 0 1050 1040 1030 1020 955 950 945 940 935 930
d Binding Energy (eV) Binding Energy (eV) f Binding Energy (eV)
y Graphitic N
Se3d g P,rr':.n: N
Se3d it Pyridinic N
S |cu-zase@nc ==
& =g 46% 3%
= o
£ =
i Zs0 31%
= g 29%
ZnSe@NC 25
25% 33%
0
58 56 54 52 50 288 286 284 282 ZnSe@NC Cu-ZnSe@NC

Binding Energy (eV) Binding Energy (eV)
2-4 ZnSe@NC H1 Cu-ZnSe@NC FEfH K XPS Jitf: (a) £i%: (b) Zn2p; (c) Cu2p; (d)
Se3d; (e)Cls; () A XPS HHH&HUKIA=E N tmg N e N &&.

Figure 2-4 XPS spectra of ZnSe@NC and Cu-ZnSe@NC samples; (a) Survey; (b) Zn 2p; (c) Cu 2p;

(d) Se 3d; (e) C 1s; (f) graphitic N, pyrrolic N and pyridinic N content extracted from the XPS .
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FR TR LA 18
XPS 4 i rtriEn (B 2-4a) , Cu-ZnSe@NC EE&MBIHHILT Cu 1Y

REEWE, 11 ZnSe@NC IR ERBNZFFAENE, X —25 0 ERH Cu CRIIBA
Cu-ZnSe@NC HE&MEIH . Zn2p mo#it (Kl 2-4b) H 1044.8 eV (Zn2pin)
5 1021.7 eV (Zn2p3p) 5 ReSUE MBS & Zn-Se gifgU1, Cu2p it &
(& 2-4c) 7£ 932.1eV (Cu2psn) K 951.8eV (Cu2pin) AMJIEIESE Cur 7
M, P M £, Cu-ZnSe@NC [ Se 3d Kt (K 2-4d) M T
ZnSe@NC K] Se3d Bk MBKL &R mts, Hrh Se3ds. M Se3dsy HI
LEAREERLAN 02eV, X HIREY Se mHRIKMS T T, Cls i (K& 2
-4e) 1 C-C/C-N/C=C W5 HIIER 0.1/0.2/0.2 eV, LR IEAR B 745 2R014, i
Tt Se fIHL T8 SR THERIESE Cu-ZnSe 5 HRE 4 18] £ 76 58 B T-RE-A 1113,
FIREEIL R TY d A OO R AR IR TO8, BEAL, Cu B2RAdbNE N SHErE
N dGHdest (B 2440 , ZFAMAETASE N R TR EE A s,

2.3.3 Cu-ZnSe@NC EUFIRE EREMAR

a . b Co0
o —~ ZnSe@NC
b A L)
N <
§ 1501 e S 0.05 ]
£ -100+ g L“SV z i =
£ g 2 0004 /=
g 200 E 100 E
B = Z <
E g' E 0.05 ————— _/—1omvs!
g = 5 5 ——20mVs?
£ o0 ——ZnSe@NC z 50 / 2 —somvs!
5 -300 —— Cu-ZnSe@NC © 5 .0.10+ ——80mvs!
= C \Y dec” o ——100mV s’
Cu-ZnSe@NC 45 M ——150mVs*
-400 0 . . . 015
-1000 -800 -600 -400 -200 0 14 1.6 1.8 2.0 0.78 0.80 0.82 0.84 0.86 0.88 0.90
Overpotential (mV) e Log |J (mA cm?)| f Potential (V)
o~ 0.20 4 Cu-ZnSe@NC * Cu-ZnSe@NC i N
£ 0154 e  ZnSe@NC
5 0.15
« 1204 [ znse@NcC
£ 0.101 [l cu-ZnSe@NC
= & 1004
£ 0.05 o <
z R\ 2 80
< 0.00 0 =
P & < 60
£-0.051 N
E 404
-0.10
= 20
-0.15 1 —
T T T T T T T T T T T T 0
0.78 0.80 0.82 0.84 0.86 0.88 0.90 0 50 100 150 200 100 200 300 400
Potential (V) Scan rate (mV s") Overpotential (mV)

2-5(a) LSV HiZk; (b) ZnSe@NC Al Cu-ZnSe@NC ] Tafel 1% (c,d) ZnSe@NC F
Cu-ZnSe@NC fE 10 mV s & 200 mV s & MHFIE R T RIEHRRZE; (e) ZnSe@NC
Al Cu-ZnSe@NC AL 1) HL 25 L B E R 2 Bl () ZnSe@NC #1 Cu-ZnSe@NC

) j/Ca LEEE, Forp j AR E AT R L.

Figure 2-5 (a) LSV curves; (b) Tafel slopes of ZnSe@NC and Cu-ZnSe@NC; (c,d) Cyclic
voltammograms at various scan rates from 10 mV s to 200 mV s™! for ZnSe@NC and Cu-
ZnSe@NC; (e) Plots of the capacitive currents as a function of scan rate for ZnSe@NC and Cu-
ZnSe@NC catalysts; (f) Comparison of j/Cq between ZnSe@NC and Cu-ZnSe@NC, where j

stands for the current density at a fixed overpotential.
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a . b ,.

ey ZnSe@NC Ag/AgCl N —— Cu-ZnSe@NC-1 Ag/AgCl

= ZnSe@NC Hg/HgO ' —— Cu-ZnSe@NC-1 Hg/HgO

© Cu-ZnSe@NC Ag/AgCl =) —— Cu-ZnSe@NC-2 Ag/AgCl

E -100 Cu-ZnSe@NC Hg/HgO E -100 {—— Cu-ZnSe@NC-2 Hg/HgO

"? -200 4 ’E

g g 2001

= =

g -300 §

5 5 -3001

Q Q

-400
T T T T T T -400 T T T T T T
-1200 -1000 -800 -600 -400 -200 0 -1200 -1000 -800 -600 -400 -200 O
Overpotential (mV) Overpotential (mV)
Bl 2-6 H1T ZnSe@NC H Cu-ZnSe@NC HLEILTIN Ag/AgCl ZLHIMY Hg/HgO Z:tb
LR R EL AL

Figure 2-6 Comparison of Ag/AgCl reference electrode with the Hg/HgO reference electrode for
the ZnSe@NC and Cu-ZnSe@NC electrocatalysts.
* 23 WiLWHEALTIZE KOH i HER PERELLHL

Table 2-3 HER performance comparisons of selenide-based catalysts in the KOH.

AL nio(mV) Tafel slope (mV dec™) Ref.
Cu-ZnSe@NC 84 45 ATAE
rGO/Ni3Ses/NF 251 134 [115]
SrSe nanowires 127 135 [116]
Co-Fe Selenide 142 46 [117]
CuS@MoSe: 72 148 [118]
NiSe»/CC 111 118 [119]
NiCo2Ses/NiCoS4 180 107 [120]
CoNizSeq 184 56 [121]
MoSe>/CoSe: 129 38 [122]
FeSe>-MoSe»/rGO 178 80 [123]

BT AL I HER TEREIIFEARIEAT iR AMEM | M KOH =HitkiA ZH
Mik. Wik 2-5a Fizr, Cu-ZnSe@NC 7E 10 mA cm? HREE F/EMH 84 mV
it Bz, SEMNT ZnSe@NC (222 mV) . B4k, Cu-ZnSe@NC % FEfE A A
Z R (Ag/AgCl 1 Hg/HgO) 1R A fr¥e—E (& 2-6) , UESE TS ART]
AR T EE T ETE E . Tafel RS ER (B 2-5b) , Cu-ZnSe@NC
ff) Tafel #3F 45 mV dec! T ZnSe@NC ) 110 mV dec!, B H %75
Volmer-Heyrovsky HLiil J& B A AR 5) 77 2K 1124 Cu-ZnSe@NC 1) HLfHE AL
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TR LR
PEREAR T R ZHCHRIE AL TRt ) HER HEILG T (R 2-3) o Jlid sALy

Wz EBAENR (B 2-5¢,d) 1HEKIL, Cu-ZnSe@NC LTI Ca fH (1.06
mF cm?) &7+ ZnSe@NC (0.75 mF cm?, & 2-5¢) , &M Cu-ZnSe@NC HAH
R HBAL SRR . 3@ j/Ca H—4 ot (B 2-50) KL, Cu-ZnSe@NC
(¥ j/Ca & T ZnSe@NC, VFSH HER MRS T AL T35 P bb 2 Th B g
m, BEHET Cu B4 S AR M 11 5802,
WL Zn(NOs), 5 Cu(NOs), HIEE/REL (1:2 #1 2:1) , 73l & 17 A E
ff) Cu-ZnSe@NC-1 Fl Cu-ZnSe@NC-2. fE 1 M KOH FilliR KB, H b
Cu-ZnSe@NC [f] HER Phfetlt. £ 10 mA cm? HIRZE R A7 (84 mV)
BEMT Cu-ZnSe@NC-1 (170 mV) Fl Cu-ZnSe@NC-2 (196 mV) , Tafel 7}
(45 mV dec) /T HH (75 F1 87 mV dec!) (& 2-7ab) . WK 2-7¢
Fi7R, Cu-ZnSe@NC RILH B HIMEYERE, RARMARREMAT . £
e tEiR 2 J5, Cu-ZnSe@NC ) LSV #Z&TL BmA (& 2-7d) , SEM
KRR ISR e % (B 2-7e) , XRD ith ZnSe HEIGFaE A (B 2-
70, R RGNS AR E

C

f 01 b 120 X 0
" - Wy dee L]
E = 9 1 \l“y E
< -100 4 2 01 cw <
£ 1 z g 100
= £ i L
g 3 ot TV £
£ 200 £ 604 CuLnSed £ -200
= -] =
E < / -
2 2 5 dec” 2
E 300 & 304 Cu-zaSe@NC 45 mV £ 300
@] [®]

-400 T v 0 T T T T -400 T " T u

=600 =400 =200 0 1.4 1.5 1.6 1.7 1.8 -1500  -1200 <900  -600 =300 0
d Overpotential (mV) Log |J (mA cm™)| f Overpotential (mV)
04
§ -100 4 _
-
E 2 —— Befo
Z 2004 ':’ — Affte
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= 300 E J
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J .
~ 4004 --——-‘k—v--J\n-JL—J—-\-
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Kl 2-7 (a-c) AR HER PERE; g ENHARTE Cu-ZnSe@NC (1) (d) LSV HiZE, (e)
SEM K%, (f) XRD K.

Figure 2-7 (a-c) HER performance of different samples; (d) LSV curves, (¢) SEM image, (f)
XRD pattern of Cu-ZnSe@NC before and after stability test.
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2.3.4 Cu-ZnSe@NC #EXFIFHFr S IBMAZR

a © b
® ¢ »_ 09 ¢ & 300081
e |
Oe-

Oco ® C Q@ [ -] L7

Y & . [ e B - [
e © < " c °.‘ < -
b © < 8 o °g : !

ghesrp spde¥eg |

°d

0
00¢-1
00~ 1

ZnSe@NC Cu-ZnSe@NC
€ —— ZaSeiNC after IER I g oo
- I Sew NC after HER
02
_ -0.325 1 0,153

3 z s

= x 04 % 02

z <, N

g = 6 Z 03

i g g

0.8

1000 2000 3000 4000

Raman shift (cm ™) ce ® Cu
h » z
. 4 7 Water Se- « I “ - ."
) Activation Astg “t"‘" X @ s

ctivation
A’J ® o

AR AT A

Kl 2-8 (a) ZnSe@NC F1 (b) Cu-ZnSe@NC A7 B FLfig %5 B2 (1) 22 75 (c,d) 1.0 M KOH
(M3l fr: (e) HLBIHE: ZnSe@NCHI Cu-ZnSe@NC HEALFIN () H20 WRFHAERT (2) H
FHEERE; (h) Cu-ZnSe@NC HALFIFINLE R & E .

Figure 2-8 Difference in electron charge density between (a) ZnSe@NC and (b) Cu-ZnSe@NC
catalysts; (c,d) Contact angle of 1.0 M KOH; (e) Raman spectrum; (f) H2O adsorption energy and
(g) Free-energy diagram of ZnSe@NC and Cu-ZnSe@NC catalysts; (h) Schematic diagram of the

mechanism of the Cu-ZnSe@NC catalyst.

Wi DFT 1HHE#ER, Cu BREENE T ZnSe@NC MHMHE (& 2-
8ab) , FFLEAL Cu (5 NC) 5 ZnSe [F5&H TAHHAEH %S 7 8 A0,
A IE R Cu LA JER K 2> FH ) O 2R (1 2-8e) o Hi & il
7N, Cu-ZnSe@NC 7£ 500 cm! Abf) Cu-O-H IRENIETREE B 5T ZnSe@NC,
ESE R KB 5 5 RE J7 383, IR T Volmer IR )y i f202), @
T HO WRFHRESHT (B 2-8) , Cu-ZnSe@NC HIMLFHAEN -0.789 eV, &EEK
T ZnSe@NC (-0325¢eV) , KIHHE ZiHtk H,0 Lil’k HER. [FIEf, Cu-
ZnSe@NC ] HO $%fiiffily 34°, 5 ZnSe@NC (64°) BEEL (& 2-8c¢,d) ,
UESE T H A SRK ST, WM R 45 R R dE HER HEFE.

Ub4h, AT M8 HER thEREE A, [N HRMAI 255 BEREAS B R 59 AR R
Bh. TR Se-H LS AIRE (I 2-8¢) 120, Cu BT LIARUKEIGS T
Cu-ZnSe@NC FTH A, ¥ AGu« M -0.424 eV L E -0.153 eV (A
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GRUTRE R 2802247 183
2-8¢) , fE#k Heyrovsky ZIRH) H* Wi SMNHLEEWIE 2-8h Frax: Cu {7

LA HaO 431, ZnSe FEAR{EN H* 24K, PhEINGE O-H #WZL, M
SEEL Volmer 5 Heyrovsky 2 IRHE) 12 [FIARAL o

24 REINGE

AT TR, AR T —Fhfa i A R sems, 8l fE s il 4%
1 Cu-ZnSe@NC HIMEMF. Cu JFRHEM SN, AREELFIRE T4
AR B AT D9 77 TR I ARy B B 0 o a8 06T AR Ak A I AIE SR, Cu Y
FAEREE T 7K T IR I ANTEAL I FE, 0 ZnSe _BF Se Ar s MR IA AT &
WL ETHEZ BRI R LR RN, Co TR ZIK, M Se
R R NERE SR SKIRAIRKRY, AN Cu-ZnSe@NC HLIELL IR ILH
S 10 PP RE AT R (R B A RR B T . ARBE AR T 3 I & BB A AEVE AL
IR AL S B R RE 5 T RO B, 0 H ot i Mk Re s A S A B4 T
B B
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=% MnSe/NiSe EAMPHNEITEREESMTSFE
BES 1L

H

3.1 5|18

S AR K IV IR CBCN R, (AT BT EUR R (OER) (1 mid H
R AMGAGE) 1%, FEURMOK I R FE BT s B U2 A WL SR 5
SR (HER) & 2SI AU AU A ROk mS . S5 ARG NG S, HEE
PR FGAE S 0 S TR M AT R R KV s B R i LT 0 IR S R e 0281, (Rl
B AL RN (MOR) AT RAEAR OER, DUBMEAIREFEIEHEHI ST FE. SR, JF
KRR BASE HER A1 MOR 1 A AL 754 Tl Pk -

L & R A A R AR AL S TR SR MTEUR B (HERD TG PEAL 201290,
B R A AL TR BAR B i B R B (MOR) A& 1, (H & B 1Y)
FRASPRE T H V2 MR, BRI, Ak R R ) I R T DA A SR AL TS
M U300, SR e A 6T FR I A T B A S I e R AR B SR A A AT . BEAE, TE R
JRES AR BN S SRR R T 3 T I AR A AR 1S, TR = 0 il PR T
WK HER Al MOR S PEAL f1A R4 3 5 i 45 i AL I, A28 HER
Al MOR [ [FEf#EAL .

TSR OER H AT a5 (i A st e, PRk FRRE A AL Y. (MORD
&R (HER) #84, AL BEEACBAR A Az, T seBlm e, &
U, TEARZE TAET, FRATRA I HGEA = A A2 s h il 4 7 5o 45 4k
/AR ALAR S A AL (B MnSe/NiSe) - Ni HIGI NETT T MnSe (1 HL 145
K, AR T KR 23 5 R (A R R T PRI B, AT s S5 J5T 485 e A ) R 46 1 %
MOR F1 HER HJXIEEMET . {8 FHXUIIAE MnSe/NiSe HARk 4H 2% e T FH AR
MOR FI¥It HER i F2 00 L RFERS, 76 10 mA cm? FIHFLEE N AT KR
P AT T S K R P 5 1 P T o A T A g S B0 v 28010 PP e B 7K el A o) Sl
—ANER T
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3.2 SEIGERGY

3.2.1 SEREiRF

R 3-1 LI b AT

Table 3-1 Main experimental drugs and reagents

T REAY N ali g TR
TR AR >98.0 % ] 248 H A kA TR 7]
VUK AR S 98 % BT TG0 (i) HRA A
i 0.9 0, i R A AR R A

HBRA ]
i TR AR IR

5 LIt s A ~ AT
X AR IR 99 % BT TG0 (i) HRA A
- 005 0, i SRR Y

HIRAH
N, N FRE i fre 99.5 % BTz TR (R HRA A
b R AR AR R A

N- FHFERLEE e >99 % e

3.2.2 SEIG{NEE

# 32 FERSIGI A

Table 3-2 The main experimental instruments

X E TR P& Eithe) G

TR FA 2004 TEMIBHR AR A TR A 7
£ U B O KT16MB T P P 2 A A A A PR A 7]

eV 206-12 TR LS B A IR A 7
ALk 85-1 iR A TR AT
T I AR DHG-936Y TERIRAX BB A R A A
HAL 2 ARl CHI 760E i R A TR A

3.2.3 MnNi-MOF Ay%#I&
K 290 mg Ni(NOs),:6H20+ 251 mg Mn(NOs),-4H:0 I 2 g PVP T 40

mL ZEE, B 0.5h A As A% 664 mg 1,4-—REKF T 40 mL DMF,
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LA R WA L
BEFE 0.5 h AW B KA A AEWR B RE, LB 30 min R E

RFIE, 75 120 °C &FFFRBL 24 /NS RBP4 DMF A2 53 il e 5
=W, BT AT A & 45 MnNi-MOF # k. & J5, FREL 251 mg
Mn(NO;z)-4H,0 TiAZIT Ni(NOs)2-6H20 &% Mn-MOF.
3.2.4 MnSe/NiSe #L57IRIH] %

¥ 150 mg MnNi-MOF 1 300 mg iy 7E Ar S HHBHE, L 5 °C min!
FEE RN EILF] 650 °C, RIFIZIRE 120 70%F, % H MnSe/NiSe 4 HH]
Lokl sk, MR T, 4 Mn-MOF &1 MnSe E&H K
3.2.5 HmIRIE

MHAE Thermo VG ESCALab250 # 4 F#EATH X HEOLH TREE  (XPS)
RAEB GMERIM SN TR AR . A HE XRD-6100 (CuKa. 30 mA F1 40
kV) RAEFES AR (EF AR T 2 08E  (SEM, Zeiss Gemin 500) F1i% 5f
BT &% (TEM, FEI Tecnai G2 F30) HfF7CFE i FITE SR AT 4544 o
3.2.6 BBALFEMRENK

WL ERL % = AR RGN CHI 760E T AES, AT A s Ak 22 DI PP BT %
B (HER) . #rE /= (OER) FIHEEAMKRIS (MOR) . KH Ag/AgCl
TENZ LR, W) E G HEARINE R TAE Bk, BRERAE Jx ltl . {3 F I LA
J AN FR R AT 1 M KOH RV SR, &bk 2k (LSV)
LL2mV s (R Rk g2k . eah, (XA R GE AT K B AR

3.3 ER51Tie

3.3.1 MnSe/NiSe #EXFIAESRIRIFIE

. Mn2*
© Ni¥ Solvothermal Selenidation
O ) —_— ——
S 120°C, 24 h Ar, 650°C, 2 h
H,BDC -
MnNi-MOF "/ MnSeNiSe
- I AN [
£ N, PP ¥ = L
P ?*?tl: -'j':l:':'l
| M M W }}}1#} 'y *;,'1?:
‘ ““‘ Wil -l K A A AT AT A B : E MnSe/NiSe
"‘4" ‘\»-#" ""-J" r‘_\_‘i.‘.' e —¢ ! Heterostructure
G y e st e R A
L LS i e |
i I e R By
[P T T B o ]
. I < |

Kl 3-1 MnSe/NiSe il &7 2 Ko
Figure 3-1 Schematic representation of the synthesis of MnSe/NiSe.
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| PDF No.11-0683 MnSe

(200

Intensity (a.u.)

20 30 40 50 60 70 80
2 theta (degree)
K 3-2MnSe Al MnSe/NiSe # ¥} XRD Ki.,
Figure 3-2 XRD pattern of MnSe and MnSe/ NiSe materials.

-

— - MnSe (311)
- — NiSe (110)

b &3 =~ NiSe (102)

k)
> i, MnSe (200 e 3
Ll 0.273 . -' ;

B ey o A S
3-3 MnSe/NiSe # ¥ (a,b) SEM 1 (c,d) TEM K% (e) MnSe/NiSe #1#} SAED i,
Figure 3-3 (a, b) SEM and (c, d) TEM images of MnSe/NiSe material; (¢) SAED pattern of
MnSe/NiSe material.

M A AN S 5 BEAG IR, )4 T MnSe/NiSe EA&#EL (K 3-1)
TE PRI A 20 52 45 4 b R 6 . F MinSe (9AT4T04% (& 3-2, PDF No.11-
0683) . MAh, FEFTIR MnNi-MOF HiSKARFEL W filifh 2 5 Il 7 — &5 & T
NiSe fiT§t1& (PDF No.02-0892) . il 7 Zi%si (SEM, 3-3ab) K
W, ZE AP RS UKL T U S HOIRBR A . B0 7 B (TEMD
GERELW], AR RA AL (B 3-3¢) . AR, MnSe A1 NiSe 43 Fil 7%}
R (2000 A1 (102) FhIH ) db kg () BRALTE B 1 5 o A, Ll ER 230008 0.273
nm Fl 0204 nm (B 3-3d) . EXHFA74H (SAED, 3-3¢) HIESE T
MnSe Fl NiSe FHE &I FIAELE
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3.3.2 MnSe/NiSe L FIRIE FLEHIFRAE

a Ni2 b Mn 2 ¢ Se 3d
i2p : n2p e
Ni 2p;, Mn 2p,), Mn 2p;, 5
—_ Ni2p,, . Y , Mn* \Mn* | ~ Se 3d;),
3 = sat. Mn” =
& 3 .S
Z | MnSeise 2 |MnSe/NiSe i £ |MnSe/NiSe
z Z i £
5 5 A=03 VS 2
= - ” =
= iy = -
NS = LapiaTN
NS¢ MnSe MnSe
890 880 870 860 850 656 652 648 644 640 62 60 58 56 54 52
Binding Energy (eV) Binding Energy (¢V) Binding Energy (eV)

K 3-4 MnSe 1 MnSe/ NiSe # KT (a) Ni2p; (b) Mn2p F1 (c) Se 3d K.
Figure 3-4 (a) Ni 2p; (b) Mn 2p and (c) Se 3d of MnSe and MnSe/ NiSe materials.
MnSe/NiSe ] Ni2p E#A LLMEEE] Ni2psn 1 Ni 2pis FIRHIEIE (B 3-
4a) , XUEL T Ni BRI AL, th4ah, MnSe/NiSe ) Mn2p Kl Mn
2psn I B S I 4E A RERSEN T 0.2eV A1 0.3eV (B 3-4b) , F£W Mn 7£5]
A Ni JGRERTIFRRFEMN S, B A5 T AT VE BB N
WML . MR, MnSe/NiSe H' Se 3dsn Al Se 3dsp HI4FAE I A B AR 1) 45 & R
¥ (K 3-4c) , KPS Ni J5 Se A HET, XAH T HER FE,
3.3.3 MnSe/NiSe XTI EMBEES L IEEMR

N,? 04 A
£ - <
5 o255 N &
7 605 £ BetR
= MnSe =240 e
= i o : = o°° A
z 120 MnSe/NiSe § et
2 S 225 Pt
~— 1= \5 *®
= -180 ) [g'&ae oe®’
2 2 058 e’
£ © 2101 W
O -240- . ‘ .
08 06 -04 02 00 092 096 1.00 1.04 1.08 1.12
Potential (V) vs RHE Log | j (mA cm™)
c d
< 0
1.2 — MnSe/NiSe | £
< -50 1
I~ 0.6 g
= 2z -100
£ 0.0 2 Z
g lmAemt  omaem? | B o] — Bofore HER ST
2 0.6 o — After HER ST
A TY 5
2 22001
-1.21 U‘:‘s
: . : . . 250 . . .
0 2 4 6 8 10 12 08 06 04 02 0.0
Time (h) Potential (V) vs RHE

Kl 3-5MnSe F MnSe/NiSe [ (a) HER ff] LSV HIZA1 (b) HER ] Tafel RI%; (c)
MnSe/NiSe HLEMFTIR HER F2E PEIHA; (d) MnSe/NiSe ) HER [ LSV k.
Figure 3-5 (a) HER LSV curves and (b) HER Tafel slopes of MnSe and MnSe/NiSe; (c) HER long-

term stability test for the MnSe/NiSe electrocatalyst; (d) HER LSV curves of MnSe/NiSe.
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5% 7 MnSe F1 MnSe/NiSe E &M EE 1 M KOH HE#K+ # HER 1

BE. 7£ 10 mA ecm? [{HLL%E, MnSe/NiSe HIIZHAIA 214 mV (] 3-52) ,
/NF MnSe Kt HAL. BEA, MnSe/NiSe LTI Tafel RIFAHN 155.5 mV
¢! (Kl 3-5b) , KB MnSe/NiSe HEM EMIMTESN 2= HE R . KHZ HAEM B
MARAFF T MnSe/NiSe LML HER FaE M. MnSe/NiSe 7E 12 /NI
MR R - AMEE R E (B 3-5¢) , FFHEREMENREER LSV
WAL P RS (B 3-5d) o LRSS ED, MnSe/NiSe LA RIFH
HER ¥ 1 AR e 14 o

a 160 b
o —— MnSe/NiSe with 0.07 M MeOH » MnSe/NiSe in KOH/MeOH
g MoSe with 0.07 M MeOH ~6004 + MnSe in KOH/MeOH *
5 120|— Masenase n kon Z - MinSe/NiSe in KOH_,; T B
g —— MnSe in KOH | = + MnSe in KOH
£ | Z 450
'z 80 B
= 7]
] =
S 2,300
= 40 @
: { 2
5 1@ 130
S o —— 7 |szomv dec’
i A Ly 14 15 16 17 1.0 12 14 16
Potential (V) vs RHE Log | j mA cm?)

| 3-6 (a) OER Al MOR LSV HfiZk; (b) OER Ml MOR Tafel #}%.
Figure 3-6 (a) OER and MOR LSV curves; (b) OER and MOR Tafel slopes.

3200 b :
“‘E — MnSe/NiSe 200 f mzegf:e 1
< MnSe/NiSe-1 S\ » e/NiSe-
E 150 T MnSe/NiSe-Z E MIISE/NiSE—Z
ol = 180
~
£100 2
= B
= 2 160
= Tt A
§ " g o e\.&"’
o] «\3\‘ g
S of———— so7MMeOn Bl 0.07 M MeOH
11 12 13 1.4 1.5 1.6 1.7 090 1.05 120 135 1.50
. 2
Potential (V) vs RHE Log|j (mA cm™)|

& 3-7 MnSe/NiSe. MnSe/NiSe-1 Hl MnSe/NiSe-2 #ALFIHI (a) MOR HJ LSV HIZEA (b)
MOR [f] Tafel #H%.
Figure 3-7 (a) MOR LSV curves and (b) MOR Tafel slopes of MnSe/NiSe, MnSe/NiSe-1 and
MnSe/NiSe-2 catalysts.
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a b

—~120- MnSe/NiSe with 0.02 M MeOH MnSe/NiSe in 0.02 M MeOH

= —— MnSe/NiSe with 0.07 M MeOH ~2004 ¢+ MnSe/NiSe in 0.07 M MeOH

é 90 MnSe/NiSe with 0.24 M MeOH E MnSe/NiSe in 0.24 M MeOH

~ = 1801

& =

g 60 - §

= 2160+ S

1 30 1 ; 2 o® L4

5 > P L ’ﬂ\

= © 140+ ees®®’ y aec

s am

U T T T T T T T T

11 1.2 13 14 1.5 0.9 1.0 1.1 1.2

Potential (V) vs RHE Log | j mA cm™)|

K| 3-8 MnSe/NiSe 7E&H A FEHEIKER 1.0 MKOH H (a) MOR ] LSV HiZEAl (b)
MOR [1] Tafel &%,
Figure 3-8 (a) MOR LSV curves and (b) MOR Tafel slopes of MnSe/NiSe in 1.0 M KOH with

different methanol concentrations.

a b
i —— MnSe/NiSe | g 801
~0.274 b 60 —— Before MOR ST
2 ; T 600 Afier MORST
i 20 mA cm’ it
g 0.18 10 mA cm™? | S z 40
= £
1>
2 0.09- E
(¥ = 20 -
0.00 =
5 0
-0.091 : : : : : o : : . : .
0 2 4 6 8 10 12 11 1.2 13 14 15 1.6
Time (h) Potential (V) vs RHE

3-9 (a) MnSe/NiSe HLfEALFIF HER KIHF @ MIHR; (b) Fe MRAHT/E MnSe/NiSe
f\] HER LSV k.

Figure 3-9 (a) HER long-term stability test for the MnSe/NiSe electrocatalyst; (b) HER LSV curves
of MnSe/NiSe before and after the stability test.

OER MEAEMAE M (& 3-6a) , MnSe/NiSe 7f 10 mA cm? HLLZE T K
A 351 mV, B MnSe P4k 126 mV, 3L Tafel &% A 241.2 mV dec’,
BN HEARBINT RS . BRI P, MnSe/NiSe HFHAR AL
ALFE 10 mA cm? B fFZ 142 mV, MOR ] Tafel RN 82.0 mV dec’ (K 3-
6b) o ULk, BT & B LB A B (K 3-7 1 3-8) , SRR
MnSe/NiSe fEAFIEEH 0.07 M FF B HLAR 5T o R B0 HH B 1) MOR g
Z BRI (B 3-9a) &I E LSV 4 (& 3-9b) FH{, MnSe/NiSe
£ MOR " HAR 7 1Fa e .
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Figure 3-10 CV curves of MnSe and MnSe/NiSe at different scan rates in KOH and KOH/MeOH.
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Figure 3-11 (a) Plots of the capacitive currents as a function of scan rate; (b) Comparison of j/Ca; (¢

-f) Contact angle test.
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W HEACERZ A (Co) iHE (K 3-10) KBS, MnSe/NiSe [#] Ca 1H

ZFE&ET MnSe (B 3-11a) , RUHAATERMEBMAAEELA . H—fHR
SR (B 3-11b) #E—PESE MnSe/NiSe /£ HER. OER K& MOR H 4
REHR THIR T35 MR A7 JS 8 5 A BV e r o R 9 . b4k, Wl 3-11cd FoR,

MnSe Al MnSe/NiSe #1BHI/KIZ b7 59 50° A1 38°, FKH] MnSe/NiSe H
HEEFISEKEE, BR T HER i FR036, 354, MnSe/NiSe M7 I H &
GFH RO (B 3-11e, , XARTINE MOR JfFARH M Az, XPS i
R R, FRUAMES MnSe/NiSe KA THEA, Hidl T MnSe X
o Mn A7 ASEHET MOR W, 1fiE BT NiSe XIS T Se hisiff
HER &, MT0SEHL 1 W) RefE AL HLE] o

<

Cathode

bubbles

Kl 3-12 ffi /] MnSe/NiSe 1 BB AN FH AR B AL 1A AR I
Figure 3-12 The image of the electrolytic cell using MnSe/NiSe as both cathodic and anodic

electrocatalysts.

a b C
1801 liS MnSe/NiSe o
< 1801 MnSe/NiSe MOR|HER 25 £ 80
=)

-~ «
E 1359 —— Without McOH % 2.0 3 g 60 —— Before
4 — With McOH E 10 mA em? 20 mA cm & — After
g 90 £ 15— | Z 40

~— D
3 | SomAem? OFRIFER| £ T
E 451 1.0 §20-
= | lomAem?> H
ST — . . 0.5 . O 0

12 15 18 21 24 0 2 4 6 8 10 12 12 14 16 18 20
Potential (V) Time (h)

Potential (V)
Bl 3-13 (a) R4 B R /K S LK I . LSV 2R LA (b) PR 4 B e /K A e Pl
R: () FaE AT 5 MnSe/NiSe B LSV HiZk.
Figure 3-13 (a) Cell LSV curve comparison of methanol-assisted water electrolysis and water
electrolysis; (b) Methanol-assisted water electrolysis stability test; (c) LSV curves of MnSe/NiSe
before and after the stability test.
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#T MnSe/NiSe X} HER 5 MOR HIXUIhReMEALILE, i T LUZM RN

AR AT PR X R FEL AR 2R 48 (& 3-13a) o FE5 FEER KOH HfT, K&
£ 10/50 mA em? FEIRES R LA o R B4t K Al 23 0 FEAIK 330/440 mV, IR SE
FA R Al B o S PT R SE PR T R R AR . AR, BRI B ST WA (Ho)
AR (B 3-12) , T BHRR A IR, R A A ik B
P, 2 ERETERIRSE B (B 3-13a,b) FWH, MnSe/NiSe fEKIE 12 /N
IBAT IR P P DR T RS AN T, IX A UE B T R S 1 A AR AR E

3.4 KREN

AT TARF, @ R RSl 7 MnSe/NiSe B4 MBI Al 44
Jilo SR S AT A ORI T AT N B T A R, AT 1 PR
JEf. o, BT MnSe X4H1 Mn A7 sifeidt T HEESEAL R Y (MOR) i
FE, TM0E T NiSe XU Se frsillfest 7 HrEx i (HER) HiE, X137
MnSe/NiSe fELFI[FE H 4% MOR F1 HER IR IhEERME. ok, H4iKHBiE
FHEL,  FP A B 7K R AR P 75 ) PR P S 3 R e AR 58 D T v 238 P T A 7K
HURBORIR B T —FoBr i 7 i
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EPNE ZnSe-MnSe EAMHBMEITEHRLEER
SMTE M ESRK

4.1 5|18

FELAAE /K AR S g ke I 0 PO P56 ) UM e Fa LA it 1 — gt H R R
SAEAEIT, SR, BRI (OER) [ 7245 N 22 i 1 4% o A i ik 3
SRR, B2 R N R AR AL R A S A R EEAT AT LR K o SR e R e 4
g BEW AU, R DRI R SR T Re AR LA 2 OER FIHT A&
RS (HERD , AHEEAN /KO FE BT 75 RS L 3T A0 i e U390 ¥ HER 5 L
AR (EOR) &2 — AR R MILESE, BOVHAMEE AR, ERETEK
mAME IR, HEAREE RS B, ik, Wikt pos 2 m sk
[FXLhfE HER A1 EOR AL RGN EE,

&gt Pt BN BIEA NS TEMNE HER HrERefi s, (HIHAEEME K
XF KA Gy T- BV B BE A5 46 ) R ) 249 |82 FHU411920 - B4 B (ZnSe) R HR
fitk. S SR 2 AT HER BEFEI44, (HIE EOR #EMEIAL .
TR, S ERIERE N R R IR R BOR LN, JET ok, #
i MnSe/ZnSe 55 45 FA B I A W E OB CAn A B LA T 0 R A EEL 0 A
TR TH ) S ZnSe ) HER #¢tE5 MnSe B EOR  efh, MMisEEl
WU REMEAGIE BEFETH614T, SRTTT, %1% HER/EOR Wi B AL LI K R GEHH T2 AT
BONBRZ, H129% = 1 RE £ B B I AR Y B BT

ETHMERHI, KI ZnSe Hi Se wAEN HER HWEMEAL AL, T
MnSe F A Mn TAEMEN EOR RITEMEAL . I, AEAZ TIEF, @
o E R AL %% T ZnSe F1 MnSe 9K Fi45H (ZnSe-MnSe) . 5 AfhH]
W ZnSe B T4, 55 MnSe [A] ZnSe MIH T#44%. DFT 545 FAESE,
T ZnSe 1 Se f7mif AGw #IE T %, R MnSe ' Mn £7
(¥ B P B, P 427+ HER/EOR & 1%. LA ZnSe-MnSe WL Ijfe Hi il 4 %
I EARETE 10 mA em? T 1.57V, BAKHEMER (1.79 V) BEERKT
0.22 Vo ATAE NG EETHE RN B BT S AR B A 1 B e s
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4.2 SLEGERSY

4.2.1 2Lk
R 4-1 LIS b AT

Table 4-1 Main experimental drugs and reagents

24 im A R alifEg ErETK
INIKE IR >99.99 % [ 2454 FAL AR E PR A 7]
MR, VUKEY 98 % Rl Tk7 (B HREA A
_—_" 909, b M A AR A
! o HIRAT
e L b . b TR B A
7N e 3 = B R A B 99 % HIAT
R M AR AR A
Flm — 9 L) ~
e AT
— o5 o R M AR A
o % IR
N RS 00 o, R M AR A
-HH 2R ySav =0 > 0 0
" HIRA
- 0.5 o, R M AR A
. o HIRA
AL >95 % BT TR R AR A
4.2.2 LGNS
F 42 FEFSZIGICE
Table 4-2 The main experimental instruments
INE T INE Ttk AR
R FA 2004 TEIRIR AR 1 2 A PR A F]
& A B AL KT16MB T R P 2 2 AN R A ]
(EEW 206-12 TR AR B/ A TR A
WALk 85-1 g EE RIS H PR A ]
1EIRTEAE DHG-936Y FEIARMX AR B/ A TR A
FLAL 2 ARk CHI760E R PR A ]
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4.2.3 ZnMn-ZIF H9%)%&

¥ 297 mg Zn(NO3)2:6H20+ 251 mg Mn(NO3)2-6H.0 A1 10 mg /S kedt =
HS R R R 60 mL BB T/KH . Bidk 0.5 /NS, mZEE S i
160 mg ) 2-FAEIKIE . S5, FHIC/K SREUess = UGRAGUTE. thot, il T H
A 2:1 (595 mg Zn(NOs)2-6H0 A1 251 mg Mn(NOs)2-6H,0) A 1:2 (297 mg
Zn(NO3)2-6H,0 Al 502 mg Mn(NO3)2-6H,0) HIAE Zn/Mn BE/R B ) H SR A4
H A HHE AN ZoMn-ZIF-1 Fl ZnMn-ZIF-2. B4k, ff F 25400 f 58 0 1 R 4%
Mn(NOs)2' 6H2O Kt % H 42 )& Zn-ZIF .

4.2.4 ZnSe-MnSe L5 HIH &

HAEEE R R U, EE 0.4 g ZnMn-ZIF RIIRIART 0.4 g Se ¥k,
SRIG, AE Ar R EL 2 °C min! BIN#GEZRFE 600 °C T INFAKES 2 /N,
EG A R T A T e AL B - ER oK A AR (B ZnSe-MnSe) « AT
b, &4 HIMEH Zn-ZIF. ZnMn-ZIF-1 f1 ZnMn-ZIF-2 §7 384 LEAR [F 2628 K
il # ZnSe. ZnSe-MnSe-1 1 ZnSe-MnSe-2 & &4k} .

42.5 HmAYFRIE

MEHATE A TR0 2570 43 8 i s 7 24488 (SEM,  Zeiss Sigma 300)
FIE 5 H 7 BAMBE (TEM, FEI Tecnai F20) HEATRAE. 184 ARG T 8%
WX (Renishaw inVia) , KA 633 nm WOGE, ThEHN 70 mW, T Hrbbel
L2y . MR AL EGE S Bruker D8 B X HHERATHX (XRD) #E4T,
ffH CuKa 3% (A=1.54598 um) , 7E 40kV HLEFM 40 mA HIREKM F5E
. MEHIM SR CRASET X HEGHE TR (XPS) WIE KA Thermo
Fisher Scientific K-Alpha %%4t, L AlKo fESEAN X SHEIUE.

4.2.6 BALZEMREMIK

K = Htkik 2% HER. OER 2 EOR :fE. L Ag/AgCl AZ:tt M.
B g xof L RRORIT 3 S A 0 A R D TAE B, FARVBCA & AT CBERE 1M
KOH V. LSV AL 2 mV st FHfE A N idg Rl 2, i 063 R 22
I SE AL R AL S VE T AR (ECSA) |, HBE M3 WUZ H B4 P AE A (R34
LA T AT AL . 4 F AR R SRR B R AR R, ERVEA K- LS
fETERE o
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4.3.1 ZnSe-MnSe EXFIRGEISRIRIFIE

___________________________________________________________________________________

! L
' o ]
1 Mn - . :
| Zn Coprecipitation Selenidation C l.thllll( \ntult |
Rl : |
e N
12-Methylimidazole ZnMn-ZIF ZnSc MnSe composite X '

K| 4.1 ZnSe-MnSe & &M E& I R =K.

Figure 4.1 Schematic representation of the synthetic process of ZnSe-MnSe composite.

a b .
é | ZnSe JCPDF No. 37-1463
— — | MnSe JCPDF No. 11-0683
2 . <]
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: Zn-ZIF Experimental :
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@ w»
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2 N — £ g
L] —
| J | e Tl s i |
: : : : S N | WYY
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~ ZnSe (111) —%n:e s - Ba7em? ot
2 —— £nse-vinse ZnSe (311) 2 { 3
: ZnSe (220) : f St
= - i I
) E}
g £z
E A ——ZnSe
——ZnSe — ZnSe ——ZnSe-MnSe
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K| 4-2 (a) Zn-ZIF M1 ZnMn-ZIF #8HE) XRD Eit: (b,c) ZnSe A ZnSe-MnSe F1EHK]
XRD KEit; (d) ZnSe 1 ZnSe-MnSe #4KIHH: 2tk .
Figure 4-2 XRD pattern of (a) Zn-ZIF and ZnMn-ZIF; (b,c) ZnSe and ZnSe-MnSe materials; (d)

Raman spectrum of ZnSe and ZnSe-MnSe materials.

ZnSe-MnSe HEMAEHHI & KA L (B 4-1) , Bl =R IEUiE
AR Zn-ZIF J ZnMn-ZIF BORAR, XRD UESE Mn 35 2% A B0 A DR A4 (1 45
(E 4-20) ; BEELEIRMLALIE, Zn-ZIF #4kN ZnSe@NC (JCPDSh NO.
37-1463) , ZnMn-ZIF WA ZnSe-MnSe@NC E &8, H XRD i dr [}
HILT ZnSe (JCPDS NO. 37-1463) . MnSe (JCPDS No. 11-0683) K J¢ 5 -k
(JCPDF No. 89-8487) Kififls (] 4-2b) . fHAFERMZ, 5 ZnSe MEMHALL,
ZnSe-MnSe ] (111) « (220) A1 (311) fbiH FBARATH RSN (K 4-20)

XRMFE ZnSe-MnSe EEMEIHIERK 1 Faifgisl, frgoeik (& 4-24) &
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N, PMRESAE 1347 cm™! (D #5) F1 1565 cm™ (G ) b IUBREFEWE, iF

SEE GBI RN TC B I, 5 ZnSe AHLEL, ZnSe-MnSe [$i7 5 I 7] i U
Biwmte, 2IH5 5SS o B HE08,

ZnSe (103)

"~ s
nSe (100)

. ', MnSe (200)

L MnSe (220) S 1/nm

Mn Se & N

K| 4-3 (a) ZnMn-ZIF /) SEM E1%: ZnSe-MnSe H-&H# KK (b) SEM; (c) TEM Al (d.e)
HRTEM K1%; ZnSe-MnSe E&MEH () SAED i, (g-1) EDS JTLERML .
Figure 4-3 (a) SEM images of ZnMn-ZIF; (b) SEM, (c) TEM and (d, ¢) HRTEM images of ZnSe-
MnSe composite; (f) SAED pattern, (g-1) EDS elemental mapping of ZnSe-MnSe composite.
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o0 i s
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Kl 4-4 ZnSe Ml ZnSe-MnSe [¥) (a) N2 WRFH/MHTA5IRLE, (b) FLIES .
Figure 4-4 (a) N2 adsorption/desorption isotherms, (b) Pore size distribution of ZnSe and ZnSe-
MnSe.
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Figure 4-5 (a) Survey; (b) Mn 2p; (c) Zn 2p; (d) Se 3d and (e) N 1s of ZnSe and ZnSe-MnSe; (d)
pyridinic N, pyrrolic N and graphitic N content extracted from the XPS results.
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| 4-6 (a) HER LSV HiZk; (b) ZnSe 1 ZnSe-MnSe [J HER Tafel R&I%.
Figure 4-6 (a) HER LSV curves; (b) HER Tafel slopes of ZnSe and ZnSe-MnSe.
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Figure 4-7 (a,b) HER performance of ZnSe-MnSe and Pt/C electrocatalysts; (c,d) HER stability

testing of ZnSe-MnSe electrocatalysts.
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Figure 4-8 (a) XRD pattern, (b) Zn 2p, (c) Mn 2p and (d) SEM image of ZnSe-MnSe after HER
stability test.

ZnSe-MnSe 7£10 mA cm? B E N BN 163 mV (K 4-6a) , LT
ZnSe (286 mV) . F Tafel #1%A 43 mV dec? (I 4-6b) , # ZnSe (107 mV
dec) HE/N, IXit—IPiESE ZnSe-MnSe HA LI BiE] /1%~ . ZnSe-MnSe H
flEALFT ) HER PERES PYC HURMEACRIFE S (B 4-7ab) o HZ HIRPIERINR

(B 4-7¢) KAz MG ik tiZk (8 4-7d) 7R, ZnSe-MnSe HLEFE H.
ToFE . AT AR E TR 5 HEALTTIH) XRD (& 4-8a) . XPS (& 4-8b,c)
A SEM (K 4-8d) I LLKIL, eI JG M EHRFE ZnSe/MnSe PIHH S5 14
TR KL TTRIEE, LA BRI T ZnSe-MnSe fEALFIE AR 7 HIF2 2 .

a b

P 440 -

E 1204 A

g ZnSe B RES

= ZnSe-MnSe =1 9

£ 80- £ - A

2 E 1}\5

g 2

z S 360 ._,....»""‘"‘
] 2 . z

E 1 g .-D'°'°'.'. ) m\/ dec

= MnS

= 320 InSe
0 200 400 600 05 06 07 08 09 10 1.1

Overpotential (mV) Log |j (mA cm?))|
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Figure 4-9 (a) OER LSV curve; (b) OER Tafel slopes of ZnSe and ZnSe-MnSe.
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4-10 (a) ZnSe-MnSe F1 RuO, HEAELFIK OER #ALiiZk; (b) ZnSe-MnSe Fl RuO, Hi
AL Tafel REZ

Figure 4-10 (a) OER polarization curves for ZnSe-MnSe and RuO; electrocatalysts; (b) OER Tafel

slopes for ZnSe-MnSe and RuO; electrocatalysts.
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Figure 4-11 CV of (a) ZnSe and (b) ZnSe-MnSe at different scan rates; (c) Plots of the capacitive
currents as a function of scan rate for ZnSe and ZnSe-MnSe samples; (d) Comparison of j/Ca

between ZnSe and ZnSe-MnSe, where j represents for the current density at a fixed overpotential.
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Figure 4-12 Nyquist plots of ZnSe and ZnSe-MnSe electrocatalysts.
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4-13 (a-d) ZnSe-MnSe 7E& FIAE B 1.0 M KOH () EOR 1EfE.
Figure 4-13 (a-d) EOR performance of ZnSe-MnSe in 1.0 M KOH with and without ethanol.
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| 4-14 ZnSe-MnSe F1 RuO, H{#{LFIH (a) EOR HALHIZEF (b) EOR K Tafel #1%.
Figure 4-14 (a) EOR polarization curves and (b) EOR Tafel slopes for ZnSe-MnSe and RuO»

electrocatalysts.
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Figure 4-15 (a) Cyclic voltammograms at various scan rates for ZnSe-MnSe; (b) The corresponding

Cai value comparison of ZnSe-MnSe in 1.0 M KOH with and without ethanol.
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Figure 4-16 (a) EOR long-term stability test for the ZnSe-MnSe electrocatalyst (inset is the stability
test of ZnSe); (b) EOR LSV curves of ZnSe-MnSe before and after the stability test.
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Figure 4-17 (a) XRD pattern, (b) Zn 2p, (c) Mn 2p and (d) SEM image after EOR stability test.
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Figure 4-18 (a) EOR LSV curves and (b) EOR Tafel slopes of ZnSe-MnSe, ZnSe-MnSe-1 and
ZnSe-MnSe-2 in 1 M KOH with 1 M ethanol.
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Figure 4-19 (a) HER LSV curves and (b) HER Tafel slopes of ZnSe-MnSe, ZnSe-MnSe-1 and
ZnSe-MnSe-2 in 1 M KOH.
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Figure 4-20 Comparison of Ag/AgCl reference electrode with the Hg/HgO reference electrode for
the ZnSe-MnSe electrocatalyst.
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Figure 4-21 The built-in-field electrostatic potential of ZnSe and ZnSe-MnSe composites.
N TR TS BB YR Z A K R, ARBFFEXS ZnSe 1 ZnSe-
MnSe E&#AAFEAT T HEZ RKEI®R (DFT) 115 . 48K, ZnSe-MnSe
HAEMEE 2.7eV LM HEAEER T ZnSe HEMEE 22V LHIF A

59



TR R A 2218 S
(B 4-21) o XMERHEAZFIZR T m KN EBEY, 1ZHEISE Z #N MnSe
0] ZnSe J7[W43An, {27 MnSe A1 ZnSe F%1H 8] [ 1] B35 7040 o
a
2.000e-2 9 & ‘ MnSe
' 1.000e2 == Q—é 0
i
7 © 0 o | Helemoencmls
o :9 Q | Interface °Z
I-l.OOUe-z : , &) |
200062 ° $ m---"f' ZnSe

@ O

©
S

=3

(q-]

0.0 D
-0.144

-
L

-0.989

=
-

G

-
=

-0.925
—ZnSe

— ZnSe-MnSe

=
2
=
- -]

AG(H?) (eV)
b o
w
=
[}

=
n

Intensity (arb. units)

=
=

Ethanol adsorption energy (eV) ==
| | | | \ i

ZnSe
ZnSe-MnSe

'
=
i

=

[ =]

.
=
o

- T 0.0 - -
1000 2000 3000 4000 ZnSe InSe-MnSe
Raman shift (cm™)

K] 4-22 (a) ZnSe-MnSe E A MBI % B2 % (b) ZnSe 1 (c) ZnSe-MnSe 4K} 1) 4% fik
fis (d) ZnSe A1 ZnSe-MnSe LG AGu- 7 A7l H HHBEIR]; (e) HER MLJE ZnSe AN
ZnSe-MnSe AP Z ;s () LFEDT1E ZnSe F1 ZnSe-MnSe {44 77_F (1)UL Fff BE

Figure 4-22 (a) Differences of charge density for ZnSe-MnSe composite material; The contact
angles of (b) ZnSe and (¢) ZnSe-MnSe materials; (d) Gibbs free energy diagram of the AGu- for
ZnSe and ZnSe-MnSe catalysts; (¢) Raman spectra of ZnSe and ZnSe-MnSe catalysts after HER

measurement; (f) Adsorption energy of ethanol molecules on ZnSe and ZnSe-MnSe catalyst.
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XA BRI T S O ST 38 A RS K PR DS, T I E K 4> TR ES, 23 HER 37)
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seAt, A ER R e (AGe) HOAJR P HER JEE R I,

FRRT AGus M -0.144 eV FEKE 0429 eV (K 4-22d) , EXRWFFL
AT H* f£ ZnSe-MnSe bW, MR ZERTT T ZnSe-MnSe HIfHEALIE
PEOSS, f &1 IR ZnSe RIMEAFAESR Se-H ## (B 4-22¢) , 5 FBUGMENL
RUBEARI2O), TR B AR HI5S Se-H HESRIE, i Heyrovsky ZERMifTidHE. K
b, 5 ZnSe ML, ZnSe-MnSe AAFIK H.O WINREI S H* ML GRE,
M R4 & 7 HER B BE) 35090 Jehh, o8 1 W53 s 45t % EOR
HLAE LIPS, IE%T ZnSe F1 ZnSe-MnSe MEAbFHI_EXF 2.8 4 T HIWRFff g

177 DFT it%5. ZnSe-MnSe Xf LBFHIWFIBE (-0.989 ¢V) T ZnSe (-0.925
eV) (& 4220 , IESEH AT T LB, MMi#EF EOR ) /150,
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Figure 4-23 (a) LSV curves and (b) Tafel slopes of ZnSe and ZnSe-MnSe in 1 M KOH with 1 M
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4 4-24 ZnSe-MnSe L7 HER #1 EOR HLHEURE K.
Figure 4-24 Schematic illustration of HER and EOR mechanism for ZnSe-MnSe catalyst.
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BEMT ZnSe (355mV) ; H Tafel #% (24 mV dec!) KT ZnSe (52
mV dec!) , KRR EZERIT BN 5 (B 4-23b) o B2, ZnSe-
MnSe 7545 ALFIRIHL R HER A1 EOR MEfE, HUEWT (K 4-24)
fE ZnSe-MnSe /i FtiH I 7 RUEEF O, HA ZnSe XK Se H LMl
TR /R K24 H*, T MnSe XIS Mn #.0BESSREE LR A R B3] 7)
XA EE R AR AR R R 05 (7 HER A1 EOR  HLfEALPERE.
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K 4-25 (a) HMRKF CBESHBIEARE/K B LSV iz EbEs: (b) Fae MR AT /S ZnSe-
MnSe 1] LSV Hizk.

Figure 4-25 (a) Cell LSV curve comparison of water electrolysis and ethanol-assisted water
electrolysis; (b) LSV curves of ZnSe-MnSe before and after the stability test.
R 4-3 OWS 5 Ho At 138 AR (A0 77 CE BB P Pl AR V0 ) 1 E R A

Table 4-3 Performance comparison of OWS with other reported catalysts in alkaline electrolyte.

AL F) Potential (V) Ref.
ZnSe-MnSe 1.79 AITAE
PdFe@FeOx-C 1.95 [160]
Ni-Co@Fe-Co 1.91 [161]
CoSe/carbon 1.82 [162]
N-CoO@CoP 1.79 [163]
CuzS-NizS2 1.87 [164]
Cu3P nanobush 1.85 [165]
CuO/CusP 2.20 [166]
NiSe2/rGO 1.70 [167]
Co(OH),@CoSe 1.71 [168]
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Ethyl acetate

[§4%@)ﬁm2ﬁeMﬁe¢ﬁmWﬁWW%@%U%%Mﬁ@ (b) FarE MR 5 s
W) THNMR 5.

Figure 4-26 (a) The image of the electrolytic cell using ZnSe-MnSe as both cathodic and anodic
electrocatalysts; (b) 'HNMR spectra of the electrolyte after stability test.
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K 4-27 Hy LR BRI S BER R A2 1L .
Figure 4-27 The yield of Hz and ethyl acetate varies over time.

1 I XHL AR AR R 2 A B K F @ PE e (Bl 4-25a) , ZnSe-MnSe fE
10/50 mA cm? HLREE MU 1.57/1.76 V HIE, DEMTAUKIER (1.79/1.98
V), XEWE LB K R EL R AR Wk 4-3 PR, ZnSe-MnSe
(1 FlL A A 1 BB A T K 22 BT IR AR 1 U 4 SR B e 0. tkAh, il 4-25b B
7R, fE 10 mA cm? [RHIREEE N, ZnSe-MnSe MIHLAIAE 12 /NP IE LT 5
HAE 12 /NS LSV & Bn B/ ZESR:, X&YW T ZnSe-MnSe H&H
AL B AR IRa Bk 78 ZnSe-MnSe 1K 2% 17 b AT DARLEE 3 S (
&l 4-26a) , TMfE ZnSe-MnSe PR F3EAMERNM, XK YIEXHRAE H,
BHA% /) EOR kb OER HEAHF|. b4, AT %E EOR ), fEfE )G
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XFHUBRIEAT AR (NMR) o KRBLBR T #E 7.28 ppm A4S AL Y LY U6 ) )

T CDCL 4b (K&l 4-26b) , iEWEEE T LR AERE) 1.25. 2.09 A 3.73 ppm
b ZANRFAEIEUO), ghah, SARERE (B 4-27) R H 52BROEERERS
BRI HIE 100 % F1 98 %. %71, ZnSe-MnSe XUINREME A FIAE £ B 4 B &
Hh e L ren i T R R e

4.4 KEING

gi ERTR, A EE TAER A SRSk S A R s N AR SE A R, dils
T ZnSe-MnSe 55 XUNAEMEALA. JEIE A HE Mn 5721415 ZnSe HMH T,
[F I ALK F 7 5 4 DA 9 T N g, R ke AN MinSe [a] ZnSe HJE4#% .
DFT 545 KW, MnSe BA RN LEEWIIERE, T ZnSe A A 5 =1
H* W EEERE, MRBLELF 1 EOR Al HER HLAE(LYERE. 4 10 mA cm?
R BT, HER A1 EOR HJREHALZF KR 163 mV AT 160 mV. T 1)
W) 2B B K B AR R AN 1.57 VAR RRIANAE] 10 mA em?, BALGiK
HURRERE 2 2 K. 1 AN B LY HER/EOR UM s 32 L T 97 g,
I I W) FL T - PR R R A AL
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T HE MnSe/CoossSe@NC EAEMBMEITE
BREESAHEM—TESR L

51 5|8

FRLAAE 7K A S DA g e St i S 0 A A R L 1700 SR, A% 45 11 L A K BER
FAEUTRR: (1) FEAHE B KRR O, M Hy KA FHF MRS
Yy, SXANTL G G0 T AR TG E AR (2D BRI AL AR B
PEAG TR R (3) AR MEINE BN 72, IR AR,
A — o RE A R B (M-AOR) B ARHTEA R B (OER) 2 M85 Y fi i /K &
GUE BT, EITEAAMU AT m AR BRI R AR R MO =07,
S, CABFUIESERE I SRR s HAA e AR L. B ATR T HA A E 217 & A
PR P — OB 43— 0 HE AR 7K LR (1 00 0 R AR T, G P AL BRAT) R TR N 5T

il P R HCBR ( F F 4 4, FEAT AR (HER) Al — Jo R A U8 (M-
AOR) HHEILH A S (AP REDTS 700, SR, i ML A0 S B FR AN He 25 7 LR
Xf M-AOR Z5#h)-TE PR R HA R, [FE K5 HER A1 M-AOR A7y1 i 5K
PRARIO, W FER I, MRS PR AT AT A 3 BEEGR T A5, X R
SRR B (a4 (SRR B FEO7, A s 2, 3R T R
TR — R, 5 A & R A AL R R S A0S R A B S S
HUBRHEZE S &, XA E TR S o, {2 T B RITE LR 13y
SI5EG NI B 2 IR A T 07,

BT AT LA 0 B VR B 2 A S B L s IR 9, AR B dE— 2R
T AR — O EE R AL . il AR A R R VA A i A A 2
% T BB At A8 AL AR/ A AL L R A K JBURE (MinSe/CoossSe@NC) o 4 7i
T HMER 0 AN 45 #, MnSe/CoossSe@NC K A AT RIFERR A5 Hh R BLH A 7
) HER 1 M-AOR P fE. £ 10 mA cm? MR % E T, 431
MnSe/Co0.55Se@NC || MnSe/CoossSe@NC X A% 44 25 F T FF I 80 A 5 B 7K R A4
T 149V By, BIRTTE AR A e B A 0 R R EL, [ AR B AR AR R
ASHIF g R R AR A A B R, R AT e AU RE TR AR
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5.2 SKEERSY
5.2.1 SRt 5

£ 5-1 FERYSL 24 T A

Table 5-1 Main experimental drugs and reagents

24 h AR i JiF PR
i R AE AL B A
D AT TR [\
INIK A R IR 99 % HIR A
VU 7K A PR 98 % Firhr TR (R AIRAF
filiky 99.9 % Falhr T (R ARRAF
. . X b A A B Ay
7Nt 3 = F 3L i %
RWAYSH FHR VR AL B2 99 % -
W A A B
BX — A= 7R -
Bl 8 L) AT
i MR AE AL B A
LR A %
FF JRE IR s 98 % P
b A A B Ay
EE N =z il %
N- B SR s e ) > 99 % M
FH i 99.5 % Firhr TR (R AIRAF
N , i MR AE AL B A
LT 99.5 % HIR A
. , i MR AE AL B A
IEEE >99.5% P
N , W A A B
A BE 99.5 % M
5.2.2 SEIG{NEE
# 52 FEHSLIIES
Table 5-2 The main experimental instruments
NE NEivees Vs B
1 RF FA2004 TEIA BRI 2 B A PR A A
& A B AL KT16MB T 2SS IR A A
g 206-12 TEIH R W 2 PR A A
AR R 85-1 iSRS AIRAF
TE I T8 DHG-936Y TEIRIR AR 1 2 A PR A F
HAk 2 T AR, CHI760E RIS H PR A ]
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5.2.3 MnCo-ZIF Ry#l&

¥ 291 mg Co(NO3)2:6H20+ 251 mg Mn(NOs)2-4H,0. 10 mg /5 ke 3k = H
BB 160 mg 2-FF SEBKIR AR LE 140 mL #B4EK A CAE R im . Rl %Y
Pite 40 SrEPIE, BETOR, FIKFMCEEBREZ R, B 0RSEE Y Gdh
MnCo-ZIF) . i FIZEILRISEmE, A7 AZE AT Mn(NOs) 4H0 HITE I T &
[ 8 Co-ZIF,
5.2.4 MnSe/CoossSe@NC #E4L 57 HIH &

#4160 mg MnCo-ZIF 5 320 mg Se ¥piR&, £ Ar AU K, T 650 °C fi
I 4h, #l% T MnSe/CoossSe@NC H&#EL, H4h, fFH 160 mg 1 Co-ZIF
REHI% T CoossSe@NC HAMEL
5.2.5 MmBYFRIE

fiif X HHEEATH (XRD, Shimadzu XRD-6100) K4 Hr e S idAd, {6
Cu Ko FEHHEN X BRI, BN 30mA, HIEN 40kV. fFEHETE
8% (TEM, FEI Tecnai G2 F30) 7£ 200 kV R H T B8 (SEM, Zeiss
Gemin 500) 7E 20kV TN EHMEEMATES . @il X HELEHE 7R
(XPS, Thermo Fisher Scientific K-Alpha) Il 52 #£ 5 LA L 2R S . @IS
PRI B 2% (Micromeritics ASAP 2460) &A1 A4 1K) U IS/ M Wl 52313 25
5.2.6 BALFEMRENK

H{t% M-AOR. OER Ml HER WNATEMA M =M R4 FikiT. B1ER
X BB BB . Ag/AgCl 25 L HE ARV AL 77 1 B CAE B A . 72 1 M KOH
B LSV (2mV s!) $Ffli M-AOR. OER K HER PEfE. SRHIEIRAR %2
(CV) TEAFEFHEZRE (20-200 mV s FFATIE, T 5 B AR i s AL 2205 Pk
R (ECSA) o XHIIMIRH, MnSe/CoossSe@NC [Fi 1 A [ /BH AR AL o
53 &R511R
5.3.1 MnSe/CoossSe@NC L FIRILE SR IRFTRAL

" f \\J’ N
Mn )
~
d »
'——K

2-Methylimidazole MnCo-ZIF MnSe/CoygsSe@NC i

] 5-1 MnSe/CoossSe@NC 14 Bud = = Kl .
Figure 5-1 Schematic representation of the synthetic procedure of MnSe/Coo.s5Se@NC.
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K 5-2 (a) Co-ZIF 1 MnCo-ZIF ] XRD FEi%; (b) CoossSe@NC Fl MnSe/Coo.ssSe@NC
B
Figure 5-2 XRD pattern of (a) Co-ZIF and MnCo-ZIF; (b) CoossSe@NC and MnSe/Coo.85Se@NC

samples.
2001 .
TM
"E 1601  MnSe/Co, 4 Se@NC: 151.9 m* g JJ
;0’ C0y 5 Se@NC: 148.6 m* g”!
21204 d
g o
E
& 5 " i
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& 40- -~
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Relative pressure (P/P,)
K] 5-3 CoossSe@NC F1 MnSe/CoossSe@NC I Ny W B/ B i 25 .

Figure 5-3 N adsorption/desorption curves of CoossSe@NC and MnSe/Coo ssSe@NC.

T I T L) SR I e T2 NBE JE B AR R B 4 T MnSe/CoossSe@NC
SEME (K 5-1) o XRD iR BIATARIA Co-ZIF 5 MnCo-ZIF ATl —
#}O(E 5-2a) , WEH Mn BRBIR ZIF B40450) . 4B REE 200
2 30° Z[a2JE TmMATHE, 5AME 33.4°, 45.2°, 51.0°. 61.1°, 62.7° Fl
70.9° BT HIUREENE (B 5-2b) , XA[HET CoossSe B (101D« (102)
(110> . (103> . (112> F1 (202) [fi (PDF No. 52-1008) . Ut4h, BTk
RERFN CoossSe FFALUESL, W& JBMALA BLHLTE 32.7°, 47.2°, 58.6° Al 78.2°
b HEI T A RN, X LERFAEE S ) HJE T MnSe ) (2000 . (220) .
(222) F1 (420> [ (PDF No. 11-0683) . XRD Z5HRiESL T CoossSe/MnSe S+
JRGE R R . BhAh, W 53 FroR ., &R B /BB IR R B
MnSe/CoossSe@NC L E A (1519 m2 gD B E T CoossSe@NC ) Lt % 1
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TR R A 2218 S
o(148.6 m? g') , FKAHFRFE HE 2B S, 1T DA UM & S R A 1L

7 FL AL T fE

Kl 5-4 MnCo-ZIF 1) SEM K.
Figure 5-4 SEM image of MnCo-ZIF.

P 5-5 CoossSe@NC 1) (a) SEM Al (b) TEM KEf%.
Figure 5-5 (a) SEM and (b) TEM images of CossSe@NC.
TR (SEMD) MEKIL, MnCo-ZIF it RILH LT IRTEAS,

HTP RN 200-300 nm (B 5-4) o ZIF RTERAAFITESR 2 i 52, AN H ¥
FIRIREEE . BN )5 EAE . AR A AU M S 3 A7 78 72 e 0100, 28 vl A 5 T/ B
MnSe/CoossSe@NC 3 {R-FEL T AMESE (B 5-6a) , (HEMMKL, BREHEL
W PERL s . KT CoossSe@NC (Bl 5-5) HINLITARTESE, R Mn M5 AANES
SEMAATEHIE S . TEM 2o H AR BUR A il 2 FLas e (&) 5-6b HGIED
HR-TEM E1{4 0.180 nm (CoossSe (110)) #1 0.273 nm (MnSe (200)) #bH& 2%
SUIESE U TR (B 5-60) o 535t 45 K K W BRAR BE 1 FL 0 58T 20 A F1E
THIPRIE RS, R A IS AR — o B 5-6d HE X HL AT IR
iz 1 CoossSe Wy (102) . (103) A4HEA MnSe HJ (2200 . (111D .
K] 5-6e-j IESE Cov Mn. Se. C. N #5140, H Mn IhBa.
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K] 5-6 MnSe/CoossSe@NC ] (a) SEM KElf4; (b,c) HR-TEM KElf&; (d) SAED K (e-g)
EDS JuE /)M o
Figure 5-6 (a) SEM image; (b,c) HR-TEM image of MnSe/Coo.35Se@NC; (d) SAED pattern and (e-
j) EDS elemental mapping.
5.3.2 MnSe/CoossSe@NC AL TIRI L FEEHFRAE

a b c
Survey C1s g Mn 2p Mn 2p,5 :
= 3 &
- = sat. M 2Pz Sat, z
3 & ]
2 5 £
& E | MaSe/Cop ySe@NC = -
z = nSe/Coy gsSe@NC ) A -
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g 1C0y sSe@NC ¥ z i Z | CoygsSe@NC
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d e f
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] itieN /| 3
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K] 5-7 CoossSe@NC FI MnSe/CoossSe@NC F£fff) (a) 4i%; (b) Mn 2p; (c) Co 2p; (d) Se
3d; (e)N1s Fll (f) C 1s.

Figure 5-7 (a) Survey; (b) Mn 2p; (c) Co 2p; (d) Se 3d; (e) N 1s and (f) C 1s of Coo.s5Se@NC and

MnSe/Coo.35Se@NC samples.
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XPS il BRI E S MBI HAAE R . B BRI TR (& 5-7a)
Horp, #RICERAFET MnSe/CoossSe@NC R, XU T4 CRBINHITIN.
Mn 2p iR Mn2t $FAEIE (2psn 641.2 eV, 2p12 6529 eV) , KN Mn-Se 4
(B 5-7b) U801, gkAk, MnSe/CoossSe@NC ] Co®* Fl Co?* [KIH4F/E I B I 1 i3]
HEMa a7 05ev Al 04ev (B 5-7¢) , X EWELEK
MnSe/CoogsSe )it £5 14 5 K AE T HLF 4 54, #H I, MnSe/CoossSe@NC
Se 3dsn WAL G ReREs) (B 5-7d) , R 7THTIO, Fk, Co2p
[ IEFa3A M Se 3d 34K W] MnSe/CoossSe 57 /i FTH H A7 78 55 1) H 7 M EL
VER, XA R TP/ B B AR RS0, ghabh, B 5-7e Bom B = ANRFE 6531
XN T AT N (4009 eV) % N (399.4 eV) HMEIE N (398.4eV) 182, C

Is YEiEAHIHGR TET C-0 (286.2eV) . C-N (285.2¢eV) . C-C (284.7¢eV)
1 C=C (284.2¢eV) [lg (& 5-7f) 1821,

5.3.3 MinSe/CoossSe@NC LIt S f— B S R R
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o~ 320p ¢
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K 5-8 CoossSe@NC FI MnSe/CoossSe@NC [ (a) OER LSV HiZEA1 (b) OER Tafel #}#%.
Figure 5-8 (a) OER LSV curves and (b) OER Tafel slopes of Coos5Se@NC and

MnSe/Coo.s5Se@NC.
a b c
/ - MnSe/Co, ,Se@NC 3
~ 100] — KOHmetanol / 180 - KOH/methnnol““Sd( 0 355 e@NC 4804 « KOH/methanol Lo
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K 5-9 (a) LSV HiZk, (b) PEBEELELFN (c) MnSe/CoossSe@NC 7E 1.0 M KOH & FEFIAN S
WL Tafel FH2.
Figure 5-9 (a) LSV curves, (b) Performance comparison and (c¢) Tafel slopes of

MnSe/Coo.35Se@NC in 1.0 M KOH with and without alcohol.
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Kl 5-10 MnSe/CoossSe@NC 75 A AR KR ER 1.0 M KOH R 1) (a) MOR LSV
BZE A1 (b) MOR Tafel #1#%; (c) MnSe/CoossSe@NC ) MOR K #if& e tilik; (d) faxe
PN AT/ MnSe/CoossSe@NC ] LSV £k,
Figure 5-10 (a) MOR LSV curves and (b) MOR Tafel slopes of MnSe/Coo.s85Se@NC in 1.0 M KOH
with different methanol concentration electrolytes; (¢) MOR long-term stability test for the

MnSe/Coo.35Se@NC; (d) LSV curves of MnSe/Coo.35Se@NC before and after the stability test.
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Figure 5-11 Nyquist plots of MnSe/CoossSe@NC before and after the stability test.
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Figure 5-12 (a,b) HER performance testing for CoossSe@NC and MnSe/Coo.85Se@NC; (c,d) HER

long-term stability test for the MnSe/Coo.85Se@NC.
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Figure 5-13 Nyquist plots of MnSe/Coo.ssSe@NC before and after the stability test.
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Figure 5-14 CV curves at various scan rates from 20 mV s to 200 mV s for Coos5sSe@NC and

MnSe/Coo.ssSe@NC in 1.0 M KOH with and without methanol.
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Figure 5-15 (a) Plots of the capacitive currents as a function of scan rate; (b) Comparison of j/Cai; (c)

Nyquist plots in 1.0 M KOH with and without methanol.
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Figure 5-16 (a) Cell LSV curve comparison of water electrolysis and methanol-assisted water

electrolysis; (b) LSV curves of MnSe/Coo.855e@NC before and after the stability test.
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K 5-17 Performance comparison of MOR with other reported catalysts.

# 5-3 /£ 1 MKOH ' OWS g5 oAl Ok I8 B AL ELER
Table 5-3 Performance comparison of OWS with other reported catalysts in 1 M KOH.

fEAL 7 HE (V) Ref.
Coo.35S¢/MnSe@NC 1.69 AKTAE
PdFe@FeOx-C 1.95 [160]
Ni-Co@Fe-Co 1.91 [161]
N-CoO@CoP 1.79 [163]
CuzS-NizS: 1.87 [164]
CusP nanobush 1.85 [165]
Co(OH)>@CoSe 1.71 [168]
MoP@NizP/NF 1.6 [190]

® 54 EEHWEM 1 MKOH 1 OWS a5 FHAth Ok 1 4k 71 ek .
Table 5-4 Performance comparison of OWS with other reported catalysts in 1 M KOH with

methanol.

fEAL T L (V) Ref.
Coo.85S¢/MnSe@NC 1.49 AT AE

Fe-Ni,P@C/NF 1.55 [191]

3D Sn/NF 1.54 [185]

Ni(OH)2/NF 1.52 [192]

Nio.33C00.67(OH)2/NF 1.50 [193]

Co-Rh; 1.545 [194]

NisoCoisFe3oCusMEAAs 1.476 [195]

SnSe/SnTe/NF 1.49 [196]
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Figure 5-18 (a) The image shows the electrolytic cell using MnSe/Coo.35Se@NC as both cathodic
and anodic electrocatalysts; (b) 1H NMR spectra of the electrolyte after the stability test.
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Figure 5-19 (a,b) Differences in charge density for catalysts; (¢c) The AGn+ for Coo.ssSe@NC and
MnSe/Coo.85Se@NC; (d) The contact angle of CoossSe@NC; (e-1) The contact angles of
MnSe/Coo.35Se@NC; (j) Adsorption energies on MnSe/Coo.s5Se@NC catalyst; (k) Methanol
adsorption energy on CoossSe@NC and Coo.gsSe@NC catalysts.
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Figure 5-20 The contact angle of Coo.gsSe@NC in methanol.
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