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Abstract

Since the first industrial revolution, humanity has developed various methods of utilizing energy,
progressing from steam engines to internal combustion engines and eventually to electric motors. These
innovations have spurred production, revolutionized transportation, and driven industrial advancement,
fostering an increasing reliance on energy. Energy shortages could precipitate a regression, as the quantity of
fossil fuels formed over millennia remains relatively stable. Unsustainable exploitation of energy resources
has set the stage for future shortages, while both excessive extraction and consumption of fossil fuels pose
significant environmental risks. Air pollution, along with soil pollution and water pollution, constitute the
three major forms of pollution. Industrial exhaust and vehicle emissions are the primary sources of air
pollution, containing a large amount of pollutants such as PM2.5, NOy, ozone, CO», and greenhouse gases.
Developing new forms of energy is an urgent issue that needs to be addressed today. Developing green,
environmentally friendly, and cost-effective new energy sources to replace traditional ones, the currently used
relatively clean energy sources include solar energy, geothermal energy, and hydropower. In the future,
hydrogen energy (H:), which has better universality, will gradually emerge as a new alternative solution.
However, there are still many challenges to overcome in hydrogen production, such as the oxygen evolution
reaction (OER) during water electrolysis, which has a high energy consumption due to its sluggish kinetics.
Most commercially available catalysts with good stability are noble metal catalysts. Therefore, it is necessary
to design and prepare electrochemical catalysts that are low-cost, high-yield, high-stability, and low-energy
consumption. When the catalyst only contains metal or its derivatives, agglomeration in the catalyst becomes
evident, leading to increased reaction retardation. Rationally dispersing the active sites of the catalyst is
beneficial to address this issue. Polymers, with their longer carbon chain structures and molecular structures,
can be explored. In this article, non-metallic material polypyrrole (PPy) is used as the substrate, and transition
metals and their derivatives are loaded onto it through a combination of hydrothermal, electrochemical
growth, and high-temperature oil bath processes, resulting in the construction of a high-performance
electrochemical catalyst:

(1) In the first work, a NiZn-MOF and fibrous PPy loaded structure was prepared. The fibrous PPy
precursor was prepared via an ice-water bath, and NiZn-MOF spheres were grown on it using a one-step
hydrothermal method. The structure was then annealed in a tube furnace under an Ar atmosphere at 700, 800,
and 900°C to form a compact NiZn/PPy composite catalyst. PPy with fiber structure is intertwined to form
anetwork, and the rich carbon chain structure further improves the electron transfer efficiency after annealing,

and exposes more reactive active sites. MOF and PPy form a rich n structure after annealing, which



cooperates with the transition metal Ni, and carries out electronic regulation to improve its valence, which is
suitable for the better oxidation-reduction reaction of catalysts. At the same time, the construction of
bimetallic MOF regulated the valence of the active site and accelerated the electron transfer in the reaction
process. The synergistic effect of each component makes the over potential of HER of NiZn/PPy-800 catalyst
at 10 and 100 mA c¢cm™ current density only 73 and 213 mV, and the over potential of OER at 100 mA c¢cm™
current density is only 373 mV, and the total over potential of overall water splitting is 1.605 V. However, the
stability of MOF material needs to be improved under high current because it still has the tendency to convert
to hydroxyl oxide after annealing.

(2) In the second work, the composite catalyst in the previous work was further modified to improve all
aspects of electrocatalytic performance. In this work, the MOF/PPy structure in the previous work has been
retained and extended. After the PPy was annealed at 800°C, the MOF/PPy was used as the template, and the
sulfur sources with different feed ratios were used for sulfidation treatment. Then the core-shell structure was
obtained by phosphating the shell by electrochemical deposition. The 3NiSP/PPy and 2NiSP/PPy composites
prepared have excellent catalytic properties in HER and OER, respectively. The core-shell structure not only
increases the specific surface area of the catalyst to expose more active sites, but also protects the internal
structure and improves the electron transfer efficiency. Moreover, the fibrous PPy also retained the
enhancement of the specific surface area of the catalyst and the electronic regulation effect of n structure on
Ni. Different degree of sulfidation is accompanied by different degree of phosphatization, and the two
cooperate with each other, each has its own emphasis, and the active components of the catalyst are greatly
improved. The over potential of HER of 3NiSP/PPy catalyst was only 42 and 147 mV at 10 and 100 mA cm"
2 current density, and the over potential of OER of 2NiSP/PPy catalyst was only 352 mV at 100 mA ¢cm™
current density. The total over potential of overall water splitting was 1.546 V, and the stability of the catalyst
under high current was greatly improved.

(3) In the third work, in order to solve the stability problem in the first work, MOF was directly replaced
with layered double hydroxide (LDH) structure. Due to the large structure of LDH itself and the low degree
of tight binding with fibrous PPy, the physical structure strength may be reduced, so the precursor was
obtained by thermal annealing of PPy and MoOs3, and NiCo LDH was grown on flake MoO3/PPy to prepare
flower like LDH/YMO. The introduction of flake MoOs3 not only increased the active components of the
catalyst, but also increased the physical structure stability and Electrocatalytic Performance of the catalyst.
Fibrous PPy has contact surface with MoO3 and NiCo LDH at the same time, and can also control the metal
in it electronically. MoO3; and NiCo LDH have sheet structure at the same time, and have larger specific
surface area, which exposes more active sites. The HER of LDH/30YMo catalyst was only 67 mV and 174
mV at 10 and 100 mA cm™ current density, and the stability of LDH/30YMo catalyst was greatly improved

compared with the first work.



Key words: Polypyrrole; Fiber; Sulfidation; Phosphating; Water electrolysis



T T ettt n et I
BN 1 1] 1 o Tt U URRURURPRRRRRRRRRN 1
BB L EE ZEUR oottt 1
L L ] B ettt 1
1.2 K SR A BRI E AR IER e 2
1.2.1 BRI BTG TR o 2

1.2.2 ML B IR FIIRTT oo 3

1.2.3 oS N HLIR B BB IR T oo, 4

1.2.4 JREEM N BT AL I FERE S AN oo, 5

1.3 SRR L B AR ZE R oo 6
1.3.1 TG LT HEM LS 5 R IRALIE S oo, 6

1.3.2 B IS SIS B UM EIHLH] oo, 7

1.3.3 ASCHEEZE. FHMEEG SR HERUEICIE oo 8

1.4 B rs 5 A A AL ATRE SO AR B BB FEIIR (oo 9
LA TEZUATE oot 9

1.4.2 MOF YREEARZR oot 10

1.4.3 BRIIBRAL SEAL EELAFEIK oo 10

1.4.4 MoO3 f LDH H T FLfF K FI PR ZZHHBDHIE oovoeeee 11

1.5 A SCIRIBIFFEIE LG IR oo 13
B2 B I AE FERAETTIE oo 15
2.1 SEIGZH IR AER oo 15
2.2 FAETEE BB oo 16
2.3 HEALEEMIR ..ot 16
24 DFT BV TE B ottt 17
%3 F AY4EMAR NiZn/PPy-800 526 AR A 8 A MR KR BERE T oo 18
T8 1= 18
3.2 LTI <ot 19
3.2.1 LFLERPIR PPY FHBFHEIHIAE oo 19

3.2.2 NiZn-MOF/PPY FEBHEIHI AL oo 20

3.2.3 NiZN/PPY AR AE oo 20

3.3 BB G T U oot 20



3.4 FAEAETERE TR oo 26

3.5 DFT H BT BT oo 30

3.6 AREEIINGE oo 32
%47 HHERZ5E NiSP/PPy &M B G SRR YERERE TT (oo 33
1= OO 33

B2 AT I B <ottt 34
42,1 FFUEPPIR PPY FIHIEE oo 34

4.2.2 NiS/PPY T BT BE oo 34

4.2.3 NiSP/PPY E AWM EHIHI S <o 35

A3 BERGTTVR oo 35

4.4 BAEAETEBEZRIE .ot 40

A5 IRTEIINGE oo 44
%5 & {RIREE M NiCo-LDH/MoOs/PPy 4 & IR Z A B H E M ERER T e 46
70 1 =SOSR 46

5.2 AEALFUIIHIE oo 47
5.2.1 ZFLERVIR PPy FERHEIHIEE oo 47

5.2.2 MoO3/PPy B A M BHIHI A oo, 47

5.2.3 NiCo-LDH/MoO3/PPy E A BEHIIHIE .o 48

53 BB GTTUR oot 48

5.4 FAEAETEREZRIE ooooooeeeeeeeeeeeeeeee e 51

5.5 RBEIINGE oo 54
B0 T EEFIEEE oot 55
0.1 e et eaea s neeaeaearenanas 55

0.2 FEEE oo 55
BEZE TR vttt 57



B1E #ip BAFARFMEFMIL

1.1 518

BUCHEIR A AR IEAE 2 7 H AR 3 S 1A AL T AR A AR fa AR IR AT HERE TR
ZIRE R o ALGUHRE . AT IR IR A S A SO BRGES 5K 1 [FJI, tatrok 1 B AR
Jils AR AR SR A LA BR B S T AR R R L. 5 E R R REIRAN A, &
RER A ELRE E R KA - iE s DL RES 5 n] AR LR G SRR AL BOAN R
AR R BEV A Z2 v S TR FBE Mt ok 1) B 22 — R e IR A s A1 2 il Uk AR h , HRK RES
JCEERPE R JEIREE F REFR AL 9 RE € W AR A IOAL S RE, TR AE « H- Al S A 5
o A Bt A

JE AR BT St . RAG AT Al BEERAL HE DR 5, (L A U 2R i 11 2%
REGRAMNELIHR . —J7H, SEhR AT T & TR g, BT =
S5 5 BRI R AT S80S S AR AFAE AL FELE A5 %, 1 L P R AR AT 208 D O 2 W A% 3 L IR
AR 2% A O—O H AR G 1R T 9 42 SR N 2 8l Jg =4 s ole s —J5 i, AL
R AT AR BTG IR DR R AR AR R B A AR R MR, AR
ARG rE i VA7 RO T A A DASRAS H B T AR 5 i) s R o [ 580X — i)
KREFHI I SAAEE « AR BRI 1) AR R, CL2e iy L /K B VA% ok 72 7
) 22— 81,

MAF RS BEF TR 7E B 28 A — i AR R 17 22 R S5 A0 22 A 0 P
RV s seait JRAZE KRR GRS, B SO il DL e/ AR 1 245 S g
PO T IR AT R RO - B IR T D IR 1 OB i TR B e >0 5l
e B KT T A RR B B SO Ak Al U & e U AR SR 477, 4k T 1R A2
ol ey P UL S RV PR AR P Ve At R IR 5%, TR AR R A AT 0 S SR A N P
B0, BRI, B SCE AR I A EWRE RIRERG HAEA A AR S 475 75 (R 2
LRI s A & RIS REERNKIS e 552K

ERXWET, RSP RIZHZ 20, R A S e T ehRe
), BEEAT ARSI INEE ST, AR s R SR I S RS BT RFAE . 45 DAAT4E L
R I 2% 1 2 3R S R s AT XA, FRAE A VE U il BiAL, AEAE T LRSS
HEIE . 5 FLAT A 2 R R BCALAL SR 20, MR 2R 93 Niv Cov Mo 51T <
JEETER IR SRR SCHET B o X B BT AR I S e R e, th R E R
TR 2 R PERER B3R . DRIk, T 8 SR AL s 29 4 90 24 T A H MR A 70 32 2K



B1E #ip BAFARFMEFMIL

HER/OER Hitl, Ifit— PR LUK R A B & AT AU S NS & il i A, AW
B AR VR T AN FH L

MNEHWIAE, BRRKELATTR O “ FHRE—Fmim A 120
7] R AR 67 o Wt U, JU AR B RIS E DA S, iR
FRT AR GE R . NS MR SRR SRR 2%, SLIE R P DS TARIRES R A
AL RE TR GE— P U4, TR 2T YE X 2540 15 A RE I L JRUA e 70 B B i
HirBGAER— a2 L BEnAF BT, SCRIE RIS 8 JORIE, ibhE
VBN 2 < e AR U D R 2 ] BRI S ST o DRIk, LIRS A% Lo 3T [7] HER
OER H1 UOR 2 HE A iitl, ANPCEARREFERE, F 2 PP 25 B plfn S SRR & 1)
HUEE, BB, T AR T RS AR AR A BRI IEIR
IR ZEAT, T A2 RES AR 2 PSR ARG N AN F) S B s AR E T 6« RIS ST &
BERENS SCHE M ATARAR A B 5 o I T T B 45 S S 4 R (R JE B2 7, R RE 59T HER.
OER 5 UOR X =K M GE— ¥ 51 HL T 25 M IR HE e it i, DI R A BRI 4
I TR T,

1.2 Bk SHE B EIEIR A

1.2.1 BiEK#ARNZE, sphEE5EFRTEES

FLEE 7K (R A S A2 ik B A I e 37 SR Bl 7K 23148 I BRI AR A A0 J 5 A Bz, AT 58
AL AMAERS 8 SRR N BAOK D AT A AN 1.23 Y, (H AR AR SRR
IBATHIE R B R AL . R R L IR R A R BTN,
HE T R B Y S 2 v T B S 20L, B B LR T, IR R R IR AR fa] PR A S
72 2 AR AE IR R T B Rl pH A2k F i S AR OB 2 — P TR .
IRyt AR KA R PR bR A B3 2 46 r LA HELAE , 3B 2B Tafel 4
L AL RHER A IRRLER R DL B AR SE I AR AR 22

AT SR T IO L B b, AR AESS e LT B 1 S K PR EE B O B S S8 TR 1Y)
HIRE 342 . X TR UK AR R0 5 BRI 7R B PR 56 st 3 8K 70 T AL A2 7 Ho,
ISHBRZ D S s 5 22 D W B 5 S b A . TR R O—O SRR 02 HIESEIERE . H TR %
INEAE R AR A A 4 ) 20 RN o [ (A PR 5 SR 7 T A A S35 22 5, TSI R B
FHBR 7> it + Gk — AR den” st . B, SEREsIMmy g2 L8 EH
TR F SR AR 5 2 B TR AL A, S B A AR TR A B 1R F i e 1454, 1o
[H SCHE - FL B R U AT [R] 20 s AT AR A A LR 0

SEERERIE, WKERIFAR “PRAEEE R e RO - e



B1E #ip BAFARFMEFMIL

WE ST, BAZEARR R TR, & ISR MARERAT N
HWEIPRIAIAE SRR, #IRZIR W RS TED 20, Rk, st ce itk st
R RAEA AT, IBD 8L [ A € AT TBOE TE i = 4E B2 45 . XA A
SR 212 WY 2% P AR PR e T B 1 BB SR . APRERE A ZEAE RO _E RS EAL A, tad
AEST WA ZZWR B _EORUESS A4 B . S Az ] 5 4% T 1 .«

BEAt, K EAR i 5 SERRE IS AT Z RIS A A B R 7 . VP2 5000 = TARIK
= AR AR R AN INR BT AR R T B A PR RS, TR TBOK R AR o, R TAJEE . 3R
I FEARBAEIA < TRLET I AN B I AT B o OB A 2 TR B2 IR LS L2, T
RIFFCE AR AETHE R S NALE, BT IR RLT G RE S IE NOELLIE4T
A EE A . BRIEU, AR KA S0 = AR B TREIE AC 2 18] R A AE R IRE
Bk, Al A B A AR BT R IR B IX

1.2.2 ths R NI R 5 S F A 15F

M SR N A HLAR 7K BB e SN, 2 B 7 e B e i TR i F b e o R A I AR 2 —
ERRMEANA B F, HEEZS5IER, &N B Volmer-Heyrovsky BY, Volmer-Tafel 245 ;
MAEMEA Birh, BT ER AR TR, TERW A B, P2 Bk 7 B bt =l ik,
PEEAENH e X THEHERK UL, K> FIEA RSN G N T Re2a, DRI R (s b4
BHEAA H2 I AR B 20 B B E R, T B R K 2 2R AN 2 1 M AR I S R 26
FHE 3G PERO32 X —Z2 S Ul B, B HER M R AN e AR “EMhEh” 1
BRI b, 3BTRS SR KM OH* i Bt 58 77 A0 &) 35 Fi - £ A4 I 1 o

5t & B PR EHERIEPE R A R),  H I B ORI A% 85 SRR ) 1 RS N H
N, WRERE T REERSBEER, midESER Y. Ay, ik,
W B R it . DA IR T AR A4 A ARR A L T St B et 1 = rEL PR R
U B BE 77, FEBRCIA: AN A A S R R I HE v ey B30 it — S5 i i S R A A
TCR B ARET S WA, W] DAE— e R B S e fer BB o0 A, Ak 7 I b S5
B AR, AR EH* b R A AR B B RT3 X — S B, HERAEALFFIER T
FEASIE ] B i e — AL AR B B, Tl o S T ARSI “ KIS AL — IR A Ak —
A0 TR WA,

AR, FISSHERMIAT FUE— 20 WoRy ARG RIE [m) LG Al . B SCHEZE M . iR
W A AEKE S REPIA T B E 2R EE R R I, {E1SE A AN B SRR, T2
R BT 2 A FAR I D RE IR 2% o F I S 5 45 4« T Ad /A 2 6 A DA % 5 R S [ 3 [
SN I AR M RE . [FII, BRARARADN S SC00 R A AES) T HERVET PR e 44k, AL SR
o AL ECR Y R BIER M E e SRS T R A I ) 2 W 3 AN A JE T
39901 3X S\ R, T SR AR SN AT AL A & Th 3RS L SR HER T e, L ATLE£F4E R 48

3



B1E #ip BAFARFMEFMIL

RUBL AR L/ Bl B 35 PR AR 2 TR A s L AT AR08 i M P R OR 2, I AN ] BT 1
BURL “TEERT

EAF IR, BRPEHER A (1) 5 K 4504 1 4% RO SR AR BT E e X TR 57
B MEAL T S IR K 20 Un el £ ST R« AR A JR) 8 FRL B BE BB (R BEO—HER N3, DA
LeOH 72 AR VEAL 55 8 B RV s 3 42, #05 i A R AR FE VIAR . A,
I BERE R ALK 70 7 S RE bR gy tH L7 IO & S, R HER AL T A LA M i
XA I SR AT AR S U R IR SR AN A “SCEIETEAR AR T LR A R
PRI AR ML 7041, 7K 70 Ak 125 1) 3t B 3 B PR IR 5 5 41 421,

PR PR R VL

Volmer: H" + ¢ — H* (D
Heyrovsky: H* + H" + ¢ — H» (2)
Tafel: H* + H* = H» (3)
B FEL iR VT -
Volmer: H,O + e — H* + OH (4
Heyrovsky: H,O + H* + ¢ — Hy + OH (5)
Tafel: H* + H* = H» (6)

1.2.3 tTE RN R XEHIATT

SHERALL, HreacMAERS2 5830715 LA MR 2% . OERT B4 P MY i 1%
A, JFHEBEOH*. O*. OOH* ZEZE& S B AR IR I . S S, PRl s R B
B e Ao R LA B e R R 591 2 S BT AL BRAE 2R o, e 7 i 52 o
[F1] (AR RS 22 ) AR B 5% 2R BR 1) B B — r (e AR IR PR AL, AR ME S8 4T B O* 5
OOH*Z [AI[E A I RE AR A 1S4, Kk, OERMEMEIM AT EMN R —FILMFEE .
g AL RE ) SR T A IR I E AT NS A TGS H S .

TS5 PE R Niv Co. FeSid i & Jg S/ 2 ALYy i Tt i 2 15 BAE I B A
REAE T B SIE AR, B\ & B i I OERME AL A BLZ — o ¢ Jill /& NiFe-LDH. NiCo-
LDHAS ZRXUE AN, £ i LR TR 4R 254 W] i = (Al 4 2 A 58 AR i R T = A RE
JIRFEFEVERITS, S RO EOERMT 78 YA ik R IV01, MKW 7ER Y], LDHAE
ARIRF WA A B 5 05 AL 26 A T T R S R A 52 J2 A0 = < st A2 AL
FOIMISPO, E 2, Fril AT RSB, AT B AN R A B S R H
S P S R 55

B 7 —LDHBEMA R, T4 KOERES 2 K H A MEND . Rz E S
5. MOFRTAE S LL ) %2 & R S AL VI I RIS o EANTRIIEE HAw, S2EARHE T ik
ARG EVERIRTSE S, FTHA% S0 AT AT REXT r TA] (AR B R 15 Vi B A PR A 1) o4 75 24

4



B1E #ip BAFARFMEFMIL

HfE, OERWFFLH “Wtkm” AR T “TRERTH” o I [ SEBr s AR A B ARE
WATR A W] S BT S AR L R USR8 PR AR I R ST HE 25 I 5 T vl S
XA AT AL FRIR 2 w5 PEREOER M A T 4 MR A AL TS 1R ELRR A AR TR B Bk
A1 B e R PR T 1Y) B SCHE R S 45

5 AR, OERMEA A T AF RS A i) JU A7 B A ) A ok s B AL V24046
LERIAE RS N e i AU R AR S A BB /B W 1) E PR AL
1M 3 1EZ 5 SN PR AT BE 5 AR RRL 78 AN ]I 45 31, X IR X TNiCo-LDH.
NiFe-LDHEAZ 7 EAMIBEFN T &, A SR AR BT IO E A RAE T IR BERIa6TE 1, AL TH%
fil] BELAY Ji PR T L RSARMAR B R 4% o 3 T AR SCJR 2R K INGCo/K T A Al 2 AR R 5 i, 3K
—INRFEFEEE: PR ARASRE F S BE AT IR 45 RAL, M0 ZHE TARIRES T K Al #5220
ARINN T HTHESE

PR FEL R o VL

H,O +* — OH* + ¢ + H' (D
OH* - O*+e + H' (2)
O* + H,O — OOH* + ¢ + H" (3)
OOH* — Oy +e +H' (4)
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OH + * — OH* +¢° (5)
OH*+OH — O* + H,O + ¢ (6)
O* + OH — OOH* + ¢ D
OOH* + OH — O + H,O + ¢ (8)
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