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N A g i, L 2R iA184.8 mAh g7, FEHLTR
BT E10 A g ', AAEF151.1 mAh g 'Y
2, MRS R PERE T P FrGORY iy b 2 i
TMPsH & LA Z B A FEAER. kb, FeNiCoP/
rGOR A WM ELA F & WG MEO 5, ik T3 F R
TGRSR, A RESE T Bl R N sh 1 2# 3 T
Abkharaki®: A MO 1 A8 K BGE,  ZEERVL IR (CF)3E
JiE R & T AEAREE R B TE B A0 A B AT B TE
@B AL /MK B (NiMnP@CuO/CF). % H Mk 1
1.0 A g " HLR B E TR, £IH1552.81 C g 'WE LA
i AEAEXTRRB S A AN FH Y, NiMnP@CuO/CF//AC
HLAR AT BHTEO~1.6 VAR LN, S281719.43 Wh
kg 'HIRET B EEN413.79 W kg~ BULNERBREE. SR, 7E
ZUAEIR SRR, TEPE AL AR I AR R T K 5 |
S AT 3 Y 2R T A R AR PR RE B A R L),
RZEH(PDA)FILARAE T Z A48 b 30 S5 6 o7
S5, N5 4 R S O AR, O SR I 4R
B YISLB I P R TERE L R, A, B2
JFe(PDA)YXT Z R Eapt i L ST ZE B, I HLA T 7Ehk
FRARK EEIRETH FA5 AL | B SE
TS, XSS T R U M m-nbH B
SPGB S PE SRS, RS # W5E o n-n A
AR G5 S AR AR A RO BN, (R BRI A
KL R, PDAS AT ik H R R -4 1 S
AR AS Ak, DT ol 35 fif RE 15 4 10 HL Ak 2k
REL'YL Zhang% NI 1 T —Fh s v BE Y — 4 S5 ik
BUER AR B/ A B @R 2 B (NiCo-OH/G@PDA) &
AR ZRNEAE BIPDA S 43 JE B 22 [al il i B v AR
i, 1ENPDAIE SNiCo-OHAYK H L MU HLE . X Fiifs
SHLHMR A E AL (NiCo-OH) A K F LU — 445+
FOEIEIR, IRGEIAGR G T oy K B T I AE i B AR,
WAL T B AR R A A, I T T
PR 41 F 25 PERE. IAh, PDAHE/E(N/O) AL A1 22
PR 2 A A SR, X gt — 2R T AR A R
(NG L2 PERE, MIMTHRTE TR B i PERE. 1545 T
T HENiICo-OHZN K F . PDA AT 293 09 B[R] R0,
NiCo-OH/G@PDAK &K, TEHLRB N1 A g~ i
SCER T A 1520 F g A LR R, FESO A g AU R
T E T ARORRE T 68% 1 st iR bERE, HA RAFm)
TEAFEE . Wang 1B I7E B2 IE M R H HE T PDAJZ,
BIEIR T K RS TRt MERE. PDAT & Mk
B Re A WA R R T A K T R A AR ). X
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FLELZS A 713.5 F g7, 1Ak, 768.0 mA em ™[ HL it 2% &
28000k MG G, HAARRFERA51585.8%.
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HAE999.3 W kg ' HITh R R HA84.7 Wh kg™ HIfE
R, EEPT180°), LB AR BT E
i593.5%, HAE90 FAHT2000 5, HLAMRFF RS
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SERFIEBRA T, FHIRZ EI(DA)E H 2R TR
A A BR AT, 7K A HIRER(NI(NO;), 6H,0) . To7K
TRAREN(NaSO,) . AALHL(LICH I A [ 24 48 141 A 2710
HBRATE], ANKEEEE(Co(NOs), 6H0) . —I KA IR
WEIR#N(NaH,PO, H,0), R ZIEME(PVA)I [ _FifgHEA5
BE 2GR B AT BR N . AR SEIG FH B 19 25 50 35 R 4
afi, R alifbab .

1.2 AARHl

(1) PDAMIE B FE: Bk LEELI4: 1 AFR L
BA, IFIA0.8 mLIYEIK, Freehii 30 min. Bé/5, 7£
PR T IA0.5 giIDA, 4k&e$k30 h. fe)5, M2
BRI, JHAE60°C T HEFTHET, MM ARAT 2.

(2) NiCoP/PDA/CCH &M BHR il s i P B 5, ¢
CCE B MG —RF(1 em*2 em), HKUCRHNER, 2B
MEBFKIATRAIEE, DhRBRFRm A, 5 7E
60°CEMHTFTH2N BH, BKANKAEMRE
(0.01 mol L™")YFIZ/K A Al ER% (0.01 mol L™ )% T
60 mL 2B /K, #EHBEPEE#H400 © min~)E5E
SR, IA0.02 mol L™ fl—K &R BERRENFN0.2 vol%
(IPDA, i i 48 3 b B SRR & X850, RS Y pHZY
K5, LA IRAE N AR, R A TE R UTRECR, LA
22(PLL)E R X A, SR (Ag/AgCHIRAE S L
e, FECCYEN TAEREM, 7E—1 VIURAL FUIF20 min.
DURSERUG, 828 T /K% 5 NiCoP/PDA/CCE &
MR B E, HAE60°CT 41 h.

SRS HL TR [RDG F A Ak~ e RE B 5, 3
TR U 28043 3810, 20, 30 min), LARIEE
I EH45 T 2 5INiCoP/PDAKE M. FRHEA [ i v DR
A ], AH R & 43 5 4 44 A NiCoP/PDA/CC-10, Ni-
CoP/PDA/CC-20 & NiCoP/PDA/CC-30.
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KA o T BAWEI(SEM, Hitachi S-4800)%}Ni-
CoP/PDA/CCHITMMEE M FFIE K TC A3 A AT T A
X GHL FREI%(XPS, PHI-5702, Physical Elec-
tronics) /M T FEM ITCE N A, XINiCoP/PDA/CCHIFL
2R LERIEAT T B AR LT A% (FT-IR, Bruker Vec-
tor 22)MH; FER ST, M HPyris#E - HTO0E
EaEAT T E T (TGA), IR TS FI o 35~800°C,
FHEE R AH10°C min~'; KA T7 207 856 L
(CMT7504)%F A [RITLARET ] R BNiCoP/PDA/CC /12

PEREREA T,
14 HAESANIA

JIT 4 NiCoP/PDA/CCHL I A4 Ak i) L AL 24V BE DA
YA T A (Bio-logic, VMP3) [ #EA TR, S256
FHIARME =R R, LI mol L™ Na,SO A MAE JH
fER . SEES R, AZZ H (0.5 mmx37 mm) A AT H SR H
W (SCE) 7 IE A %o AR AL HE A, T 1 4 AR 5 )
YER TR, B A2t B PR, R T RERA 23k
(CV) . 18 H 7 F 7 (GCD) L K B Ak 24 B bt 1%
(EIS). CVili % B FE % 1127 —0.2~0.6 V(vs. SCE), Jf-LA
10, 20, 40, 60, 80. 100 mV s~ ' B3 H R P17,
EISTA B4R IE A5 mV, SR IERIN 10 mHz~100 kHz.
FTA SR I FEARME = IR (25 °C) 55 14 F HEAT.

FIRATEAENICoP/PDA/CC-20H 7 52 b vy ] v
MITERER BN, LAHAE R IEMATEL, ik i iGPEs(AC) |
SR BA(SP) 5 B A FL £ M5 (PVDF) LA7:2: 1 B L TR
A, A2 mL N-F MR LE B (NMP) I BT 12521,
B0.2 mLI )R T L IF7E60 CHET 12 h, 4 T
AC/CC, HLfitfii R FIPVA/LICI (1 g:1 @)% T20 mLEES
TR, 2285 CHKIBIEFE2 WG T )32 B BRI, K HE AR
S s TR E R O FEFR(PET) 3R L, i
Bl J ety 202 o0 2 M A X AR B L R 2R 2R N CoP/
PDA/CC-20||AC/CC. I aFR L (CV)FME I TR
(GCD) 7 5 PEAh a8 (R Ak 24 P RE, I R Rl i
}0~1.6 V. AN, R FHCVIERT 24 FEIEA TN, I
FIFHGCDVE X A IATG PR RS e PR T8 5K,

HL A L ZS(C, mF em )R (1) NGCDilf £k
HR
C= 127 (1)
Hr, I(mA). At(t). A(cm™?), AV(V)535l A e e
Wi BCHRRLERTE] . AR A A AR . HR T .

2 RS

F A GEAS RGO ] (10, 20, 30 min)%fNiCoP/
PDA/CCHE S HOUZE#E B 52 R, >R FH SEMEFA THOWIE 34
St WEETR, El1(a)&NiCoP/PDA/CC-104JSEM
K, CCHLITFRMAHXS LM, thFUURRR A, A
FERED, R AR K _ENICoP/PDART AL, i
FA AT SEMIE, AT DS B 58 J5S 26 1h 4775 — 286
N MR, X T BE A RHED TR B B TR
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Bl 1 (R ) A1 TR 1] T R S T 35 R AE FI 241 RE. NiCoP/PDACC-10(a), NiCoP/PDA/CC-20(b)LA & NiCoP/PDA/CC-30(c)H
SEM I (P &y A I SEMIEL, )R SF 245200 nm); (d) NiCoP/PDA/CC-10, NiCoP/PDA/CC-20FINiCoP/PDA/CC-3014 )3 7 -1 4% i1 £k

Figure 1 (Color online) Morphological characterization and mechanical properties of samples under different deposition times. SEM images of (a)
NiCoP/PDA/CC-10, (b) NiCoP/PDA/CC-20, and (c) NiCoP/PDA/CC-30. (d) Stress-strain curves of NiCoP/PDA/CC-10, NiCoP/PDA/CC-20, and

NiCoP/PDA/CC-30

KA S r S8, [K1(b)JENICoP/PDA/CC-20H
SEMA, Bl DURRI B A3 i, NiCoP/PDAMTEHECC
TR EIG 2, TFG HEBTE INICoP/PDA,
E AR In5], 384k AH Rl T B R 1 A .
TEEESEMMEE T, Al LL& BUA R 22 HORLEE, 3R
RFLBRZERE, I HALBR B 5. X PP a5 R L fa
fEHRAL T, AR TR SRR 2E e E
(c)J&=NiCoP/PDA/CC-30SEMIA, & TLARIT a] it 1k
— IR, AR YO Z, SLR T AR
i, NiCoP/PDAM I A K P EER P B 028, H
EEESEME TR, NiCoP/PDAZ )2 HEFH S EH LA
WA GERIRIES. AETUERES[E] T BNiCoP/PDA/CC
N7 S7- I AR 2R A 1(d) 7R, T NiCoP/PDA/CCH#
ARG ASTEAT M) o, NiCoP/PDA/CC-30%% Kk
NSRS 2.5 MPa, & B Fifi 2 TURR S ] 384 i e A 44 61450
P FF. NiCoP/PDA/CC-10FHINiCoP/PDA/CC-20/)3;
JHEYIFE.0 MPaZe £y, {HAEAH RN JJBFNiCoP/PDA/
CC-2019 13 22 /5 TNiCoP/PDA/CC-10, FERHTENIRMT
6] >A20 minfs}, 2 FM R BE ELA A g i i
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St R A AL S R R, E2(a) 5 EI2
(b)43 51 NiCoP/PDA/CC-20FE ji YA FSEM &4
KA O X R RS (EDS) I, [#12(c) M B T A/
MICE S K. EDSAHr4s 3R W], NiCoP/PDA/CC-20
FESHC, O, N, P. CoMINiZFITE M it s), 4
FESE T E ARSI A R

R ABFFENICoP/PDAK G A B AL 22 S5 H R,
X HEAT T (L AR B 2T SN (FT-IR) 20T [K13(a)
NiCoP/PDA/CC-10. NiCoP/PDA/CC-20L) JZNiCoP/
PDA/CC-30F i 8 Lt A e 21 SRk . T
3625 cm™ ' AW g T g FN—-HAR 45 R 3h 0, T
3088 cm ™ R ST U DU X6 7 T K 43T O— HAM 4 3R 31,
FWIRES P oA PR K A3 F. A F2395 em™ b I
W T RE S R T RE AR IR A — SR ARRR(COL) BT EL. 1T
1018 %638 cm™ i /35917 & T — A (P—O) i M1 I
—SEM-0)ErZ thPRzh . T 1584, 13650 K
1151 em™ "I 43 51U 8 FC=C . C—HLL K C—N
AR ENS). FTIRSE KW g AL S A —3
AR ST, LI S i 2 it s, T R ST (] %y 84 v



B 2 (MR ,)NiCoP/PDA/CC-20TE S 4 24 NiCoP/PDA/CC-20fSEME(a). EDSii% [l (b)FIAH N TG E (19534 Bl (c)
Figure 2 (Color online) Morphological and compositional characterization of NiCoP/PDA/CC-20. (a) SEM image, (b) EDS spectrum, and (c)

corresponding elemental mapping images of NiCoP/PDA/CC-20

TR, PrRAT OGS ] S SR (24 I A s 4L
Pa—3, XHIE T NiCoP/PDAK Ak KHI L S 4.
AR R E M, DUk TR S IR S
(TG)Hh £k (I&13(b)). NiCoP/PDA/CC-10, NiCoP/PDA/
CC-20L) FNiCoP/PDA/CC-30=/FE 5 7E35~800°C A
TR EE X (R Y R E AR R AR ], IFEAEAEA BRI
WIEE. BE, 7E35~220°CIREIX AN, NiCoP/PDA/
CC-10, NiCoP/PDA/CC-20L% &xNiCoP/PDA/CC-30f)
AR M 1.74 W%, 2.50 wt%14.77 wt%, IR
GV B A0 R W R A K o B A SR R R FE
220~310°CHYIREE X Iy, Brimdi o3l h1.55 wit%.
3.45 wt% 1517 wt%, BIHEFPDAMIGE(B AN |
FIH)MWR, M5 R R EMS, HH,0. NH; 5
. #£310~520°C HYTRE X[ N, NiCoP/PDA/CC-10,
NiCoP/PDA/CC-20L4 &2 NiCoP/PDA/CC-30F) Jii 4 5
I3 H0.87 wt% . 1.58 wt%A12.66 wt%, K TFRA
Y FHERRAILE R, FEREE CO, . COZSARAYREI;
TE520~630°C AR EE X [8] Y, NiCoP/PDA/CC-10. Ni-

CoP/PDA/CC-20L4 }2NiCoP/PDA/CC-301 Jii 4 25 43
H50.97 wt% . 1.58 wt%H13.89 wt%, %5 g il I
FNiCoPH B P FE2%); 7E630~800°C AL X
PN, M2 P22 Rk, X R R R X
[N AR E, ATRECN 45 L T A AR s i T Fa
TE BIERA .

h T RE A AL AL, X T T XPS R
fE. NiCoP/PPy/CC-3HyXPSEIE EUNE 3 (c) s, HFE
BIC. N. O. Ni. CofIPIuERILAfF, XHEDSHR—
. E3(d)FHIC 1sig {7 T284.2, 279.6, 278.4eV
AEH3ANIE ST IR RIC—N . C—OHFIC=CH#*"**. N 1s
JEE(E3(e)) AT #14 R T-403.5. 406.6 e VAL 2N,
S BT RE PDA R (A e A A7 SR, AEP 2pi R (1513
O)H, 7 F129.7 eVAYIEXT N 48 — B (M—P)&E, iz
T 133.6 e VY — AWM X} W NiCoPTE 2 < 4 8k
i A A P—OFER). K13 () N 2p &1, Hir {3 1°856.7
H1874.5 eVAYIE S X RN 2p3 , FINT® 2py 0, FFAERH2
M7 F862.1F11880.3 e VAT LA IE(bRic A Sat.”), i T
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B 3 (M RO ) AN RIDURRA 1] B RE S BYS5FIFAE. NiCoP/PDA/CC-10, NiCoP/PDA/CC-20FINiCoP/PDA/CC-30HJFT-IR £l (a) FITG 1 £k (b);
(c) NiCoP/PDA/CC-20/XPSiEKl; NiCoP/PDA/CC-20f¥C 1s(d). N 1Is(e). P 2p(f). Ni 2p(g)FCo 2p(h)AIXPSiE A

Figure 3 (Color online) Structural characterization of samples under different deposition times. FT-IR spectra (a) and thermogravimetric (TG) curves
(b) of NiCoP/PDA/CC-10, NiCoP/PDA/CC-20, and NiCoP/PDA/CC-30. (c) XPS spectra of NiCoP/PDA/CC-20. XPS spectra of (d) C 1s, (¢) N 1s, (f) P

2p, (g) Ni 2p, and (h) Co 2p

849.2 eVIKHE T HINI T 16 (4 JB LR AR A AL, o
P 0) I R FNi—PEERAEER 2. [K3(h) i Co 2p
FIXPSTER, HA {7 T-857.0F1874.7 e VA2 1A
JB& T Co* 2ps3n MC0* 2p1 )0, FEAEBE2NMET779. 170
795.1 eV TLEIE, £7T769.3 eVEESCo® TIHIN TCo
—PHEP,

R A TEIVEAG AR AR RE, X T RE S iR T
TCV., GCDMEISHR. 4(a)h20 mV s~ By Hiliik
R, NiCoP/PDA/CC-10, NiCoP/PDA/CC-20Lk JzNi-
CoP/PDA/CC-30HL MR CV IR, AHER T HA HLK,
NiCoP/PDA/CC-20H# F 8 Fr KA I, X Bl
HEAFT M EAAEFEES. WE4b) iR, TF
4.0 mA em [ HLI B R R TA AR A A TR R FE AR
M, FFA GCDZ AEZMIEAR, RINER S Rk
F AE AR N 5 4 = S, Hir, NiCoP/PDA/CC-20
FE R R 5 T At F AR i H B ) B R, SR LA
(A HL 2. AR TR (] A9 11452, NiCoP/PDA/CC-10, Ni-
CoP/PDA/CC-20L) FZNiCoP/PDA/CC-30/4 i f1 HL 243
MH901.4. 1141.6. 280.5 mF cm™>2 XA G LA
746934, 713.5. 133.6 F g7, iZZ5 R 5CVillidss
—E. El4(c)BaR T =R AR R (4.0, 4.5,
5.0, 6.0, 8.0mA cm™*) FAJLLZ i, NiCoP/PDA/CC-
10089 TP HEFL 25 H901.4 . 749.7, 553.7. 377.7. 183.3
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mF cm™, XA LA N693.4, 576.7. 4259,
290.5. 141.0 F g~', NiCoP/PDA/CC-20/ i FH Ft Ha 7%
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Figure 4 (Color online) Electrochemical properties of samples under different deposition times. (a) CV curves of NiCoP/PDA/CC-10, NiCoP/PDA/
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Figure 6 (Color online) Electrochemical performance of asymmetric supercapacitor devices. (a) CV curves at different scan rates (10, 20, 40, 60, 80,
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over 8000 cycles. The illustration shows the assembly diagram of an asymmetric supercapacitor that illuminates a red LED light. (h) Ragone plots

5872



*F1
Tabl

SFE AR RS 1Y [F) 26 B AR 5 NiCoP/PDA/C CHY B fL 22 M 8 Lt 5%

e 1 Comparison of electrochemical performances between similar electrode materials reported in recent years and NiCoP/PDA/CC

. i = =2 ‘I:; Z Nrognads:a B2 .
H bR WA (I ) Ry i, TRoF 230
—2_r -1
NiCoP/PDA/CC 1141.6 mF em “24713.52F g 85.8%(8 mA cm ™2, 8000¥K) T HE
(4 mA cm™)
CoP/CNF/CNT 2000Fg (1A g™ 78%(10 A g~', 100007K) [43]
Fe-Co-Ni-P/CC 593.0Cg '(1Ag™ 84.2%(10 A g™', 5000%K) [44]
PPy/Ni,P 4765F g '(1Ag™h 89%(1 A g™', 30001K) [45]
. .
FeP/PEDOT 438.39 mF em™~2k149.11 F g 82.12%(1 mA cm™2, 5000%%) [46]
(I mAcm™)
NiP-PANI 301Cg '(05A g™ K [47]

JEH P EYT180°, A LR EHMZEE. P PDA/CC-20 AR BN (UELA 355 1) L FL 25 R R AT

™

EXtRRasfF AR, M RsE TEL@LEDLT, B R fRRVERE, i B r R BIrE MBUA E 1, AR

T AR B AR B AT . LSRRI, NiCoP/  PRHLF A AT SR dl B AR i HAT T ) (4 I FH ATt

LS PN

11

12

13
14

15
16

18

Xu S, Yang D, Zhang F, et al. Fabrication of NiCo,0, and carbon nanotube nanocomposite films as a high-performance flexible electrode of
supercapacitors. RSC Adv, 2015, 5: 74032—74039

Feng C, Zhang J, He Y, et al. Sub-3 nm Co;0,4 nanofilms with enhanced supercapacitor properties. ACS Nano, 2015, 9: 1730-1739

Wang G, Zhang L, Zhang J. A review of electrode materials for electrochemical supercapacitors. Chem Soc Rev, 2012, 41: 797-828

Lian T, Dong X, Gao J, et al. Progress on the performances and applications of supercapacitors for thermoelectric conversion (in Chinese). Chin Sci
Bull, 2022, 67: 15671578 [, TEHEM, 5L, &5, ST Sl it it R A0Sk RE SN T B RS, B4z, 2022, 67: 1567-1578]
Huang M, Zhang Y, Li F, et al. Facile synthesis of hierarchical Co;04@MnO, core—shell arrays on Ni foam for asymmetric supercapacitors. J
Power Sources, 2014, 252: 98-106

Lu X, Yu M, Wang G, et al. Flexible solid-state supercapacitors: design, fabrication and applications. Energy Environ Sci, 2014, 7: 2160-2181
Li H, Huang Z, Qian P, et al. Phosphorus-tuned nickel boride nanocatalyst with enhanced p—p interaction for expediting sulfur electrochemistry in
lithium-sulfur batteries. Adv Funct Mater, 2024, 35: 2419837

Zhao X, Geng S, Zhou T, et al. Unlocking deep and fast potassium-ion storage through phosphorus heterostructure. Small, 2023, 19: 2301750
Du C, Shi S, Chen G, et al. Structurally stable Fe-Ni—Co phosphide/graphene and nitrogen-doped carbon/graphene constructed by atomic layer
deposition for high-performance hybrid supercapacitor. Mater Today Energy, 2023, 34: 101287

Abkharaki A M, Ensafi A A. Phosphorus heteroatom doped in NiMn@CuO/CF as transition metal phosphide materials for hybrid supercapacitor. J
Energy Storage, 2024, 98: 112953

Blake A J, Kohlmeyer R R, Drummy L F, et al. Creasable batteries: understanding failure modes through dynamic electrochemical mechanical
testing. ACS Appl Mater Interfaces, 2016, 8: 5196-5204

Zhang Y Z, Wang R H, Yue L, et al. Designing cellulose triacetate-based universal binder for high-voltage sodium-ion battery cathodes with
enhanced ionic conductivity and binding strength. Adv Mater, 2025, 37: 202501531

Li S, Dong R, Li Y, et al. Advances in free-standing electrodes for sodium ion batteries. Mater Today, 2024, 72: 207-234

LiR, Parvez K, Hinkel F, et al. Bioinspired wafer-scale production of highly stretchable carbon films for transparent conductive electrodes. Angew
Chem Int Ed, 2013, 52: 5535-5538

Zhang C, Xiang L, Zhang J, et al. Revisiting the adhesion mechanism of mussel-inspired chemistry. Chem Sci, 2022, 13: 1698-1705

Bie Y, Yang J, Liu X, et al. Polydopamine wrapping silicon cross-linked with polyacrylic acid as high-performance anode for lithium-ion batteries.
ACS Appl Mater Interfaces, 2016, 8: 2899-2904

Zhang X, Yang S, Tian Y, et al. From 1D to 2D: dopamine constructed 2D NiCo-hydroxide nanosheets/graphene composites for high-performance
supercapacitors. Sustain Energy Fuels, 2021, 5: 2373-2381

Wang T, Wang P, Pan L, et al. Stabling zinc metal anode with polydopamine regulation through dual effects of fast desolvation and ion
confinement. Adv Energy Mater, 2022, 13: 2203523

5873


https://doi.org/10.1039/C5RA12855B
https://doi.org/10.1021/nn506548d
https://doi.org/10.1039/C1CS15060J
https://doi.org/10.1360/TB-2021-1282
https://doi.org/10.1360/TB-2021-1282
https://doi.org/10.1016/j.jpowsour.2013.12.030
https://doi.org/10.1016/j.jpowsour.2013.12.030
https://doi.org/10.1039/c4ee00960f
https://doi.org/10.1002/adfm.202419837
https://doi.org/10.1002/smll.202301750
https://doi.org/10.1016/j.mtener.2023.101287
https://doi.org/10.1016/j.est.2024.112953
https://doi.org/10.1016/j.est.2024.112953
https://doi.org/10.1021/acsami.5b11175
https://doi.org/10.1002/adma.202501531
https://doi.org/10.1016/j.mattod.2023.11.013
https://doi.org/10.1002/anie.201300312
https://doi.org/10.1002/anie.201300312
https://doi.org/10.1039/D1SC05512G
https://doi.org/10.1021/acsami.5b10616
https://doi.org/10.1039/D1SE00243K
https://doi.org/10.1002/aenm.202203523

3d & 202645688 £71% £248H

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36
37

38

39

40

41

42

43

44

Lin C M, Liu S J, Wen Y S, et al. Sandwich-like interfacial structured polydopamine (PDA)/Wax/PDA: a novel design for simultaneously
improving the safety and mechanical properties of highly explosive-filled polymer composites. Energ Mater Front, 2022, 3: 189-198

Zhang G Z, He Z W, Ran X W, et al. Synthesis, characterization and thermal decomposition properties of ANPyO@PDA composites (in Chinese).
Chin J High Pressure Phys, 2023, 37: 107-119 [5kD15%, 66, f9E3C, %. ANPYyO@PDAK S MBI K& . AL LI TERE. &R B2
%, 2023, 37: 107-119]

Nie S, Zhang C, Peng C, et al. Study of the synergistic effect of nanoporous nickel phosphates on novel intumescent flame retardant polypropylene
composites. J Spectrosc, 2015, 2015: 1-7

Ding X, Zhu J, Hu G, et al. Core—shell structured CoNi,S,;@polydopamine nanocomposites as advanced electrode materials for supercapacitors.
Tonics, 2018, 25: 897-901

Zeng R, Deng H, Xiao Y, et al. Cross-linked graphene/carbon nanotube networks with polydopamine “glue” for flexible supercapacitors. Compos
Commun, 2018, 10: 73-80

Elanthamilan E, Ganeshkumar A, Wang S F, et al. Fabrication of polydopamine/polyaniline decorated multiwalled carbon nanotube composite as
multifunctional electrode material for supercapacitor applications. Synth Met, 2023, 298: 117423

Ji M, Jiang N, Chang J, et al. Near-infrared light-driven, highly efficient bilayer actuators based on polydopamine-modified reduced graphene
oxide. Adv Funct Mater, 2014, 24: 5412-5419

Yao Z, Wang G, Shi Y, et al. One-step synthesis of nickel and cobalt phosphide nanomaterials via decomposition of hexamethylenetetramine-
containing precursors. Dalton Trans, 2015, 44: 14122-14129

Liu Y, Wang H, Zhou J, et al. Graphene/polypyrrole intercalating nanocomposites as supercapacitors electrode. Electrochim Acta, 2013, 112: 44—
52

Yan M, Yao Y, Wen J, et al. Construction of a hierarchical NiCo,S,@PPy core—shell heterostructure nanotube array on Ni foam for a high-
performance asymmetric supercapacitor. ACS Appl Mater Interfaces, 2016, 8: 24525-24535

Zhou D, Yang L, Yu L, et al. Fe/N/C hollow nanospheres by Fe(IlI)-dopamine complexation-assisted one-pot doping as nonprecious-metal
electrocatalysts for oxygen reduction. Nanoscale, 2015, 7: 1501-1509

He S, Li Z, Mi H, et al. 3D nickel-cobalt phosphide heterostructure for high-performance solid-state hybrid supercapacitors. J Power Sources, 2020,
467: 228324

Fang Z, Peng L, Qian Y, et al. Dual tuning of Ni-Co—A (A = P, Se, O) nanosheets by anion substitution and holey engineering for efficient
hydrogen evolution. J] Am Chem Soc, 2018, 140: 5241-5247

Zhu S F,Song L L, Li S S, et al. Mechanism of water splitting based on NiCoP bonded by carbon quantum dots (in Chinese). Chin Sci Bull, 2024,
69: 606-616 [AIMHE, KHFIEE, 2511, 55, Bl 1 R M S B AL B QAR A A /K SN, B HALBE. Blpid e, 2024, 69: 606-616]

Mishra I K, Zhou H, Sun J, et al. Hierarchical CoP/NisP,/CoP microsheet arrays as a robust pH-universal electrocatalyst for efficient hydrogen
generation. Energy Environ Sci, 2018, 11: 2246-2252

Liu B, Mo R, Kong D, et al. 3D nitrogen-doped graphene decorated CoNi,S;@polypyrrole electrode for pseudocapacitor with ultrahigh
electrochemical performance. FlatChem, 2017, 6: 1-10

Yu X, Lu B, Xu Z. Super long-life supercapacitors based on the construction of nanohoneycomb-like strongly coupled CoMoO,-3D graphene
hybrid electrodes. Adv Mater, 2013, 26: 1044—1051

Zhang L L, Zhao X S. Carbon-based materials as supercapacitor electrodes. Chem Soc Rev, 2009, 38: 2520-2531

Zhou X, Chen P, Liu Y, et al. Preparation and lithium storage properties of ZIF-derived hollow NiS,/CoS,@HNC (in Chinese). Chin Sci Bull,
2024, 69: 464472 [JAF, PR, X4, 4. ZIFFT A B9 TP 2SNIS,/CoS,@HNCHY H 45 R ABHIPERE. Bl2ml4R, 2024, 69: 464-472]

Zhang Z, Song N, Wang J, et al. Polydopamine-derived carbon layer anchoring NiCo-P nanowire arrays for high-performance binder-free
supercapacitor and electrocatalytic hydrogen evolution. SusMat, 2022, 2: 646-657

Qu G, Sun P, Xiang G, et al. Moss-like nickel-cobalt phosphide nanostructures for highly flexible all-solid-state hybrid supercapacitors with
excellent electrochemical performances. Appl Mater Today, 2020, 20: 100713

Shi X, Sun L, Li X, et al. High-performance flexible supercapacitor enabled by polypyrrole-coated NiCoP@CNT electrode for wearable devices. J
Colloid Interface Sci, 2022, 606: 135-147

Swain N, Balasubramaniam S, Ramadoss A. Effective Energy storage performance derived from 3D porous dendrimer architecture metal
phosphides//metal nitride-sulfides. Small, 2024, 20: 2309800

Dong Y, Yue X, Liu Y, et al. Hierarchical core—shell-structured bimetallic nickel-cobalt phosphide nanoarrays coated with nickel sulfide for high-
performance hybrid supercapacitors. J Colloid Interface Sci, 2022, 628: 222-232

Zhang N, Xu J Y, Wei B, et al. Mille-crépe-like metal phosphide nanocrystals/carbon nanotube film composites as high-capacitance negative
electrodes in asymmetric supercapacitors. ACS Appl Mater Interfaces, 2020, 3: 4580-4588

Xie M, Zhou M, Zhang Y, et al. Freestanding trimetallic Fe—-Co—Ni phosphide nanosheet arrays as an advanced electrode for high-performance

5874


https://doi.org/10.1016/j.enmf.2022.03.003
https://doi.org/10.11858/gywlxb.20230697
https://doi.org/10.1155/2015/289298
https://doi.org/10.1007/s11581-018-2798-6
https://doi.org/10.1016/j.coco.2018.07.002
https://doi.org/10.1016/j.coco.2018.07.002
https://doi.org/10.1016/j.synthmet.2023.117423
https://doi.org/10.1002/adfm.201401011
https://doi.org/10.1039/C5DT02319J
https://doi.org/10.1016/j.electacta.2013.08.149
https://doi.org/10.1021/acsami.6b05618
https://doi.org/10.1039/C4NR06366J
https://doi.org/10.1016/j.jpowsour.2020.228324
https://doi.org/10.1021/jacs.8b01548
https://doi.org/10.1360/TB-2023-1007
https://doi.org/10.1039/C8EE01270A
https://doi.org/10.1016/j.flatc.2017.09.001
https://doi.org/10.1002/adma.201304148
https://doi.org/10.1039/b813846j
https://doi.org/10.1360/TB-2023-0472
https://doi.org/10.1002/sus2.49
https://doi.org/10.1016/j.apmt.2020.100713
https://doi.org/10.1016/j.jcis.2021.08.016
https://doi.org/10.1016/j.jcis.2021.08.016
https://doi.org/10.1002/smll.202309800
https://doi.org/10.1016/j.jcis.2022.08.033
https://doi.org/10.1021/acsaem.0c00263

&
K

45

46

47

asymmetric supercapacitors. J Colloid Interface Sci, 2022, 608: 79-89

Liu S, Chen Y, Ren J, et al. An effective interaction in polypyrrole/nickel phosphide (PPy/Ni,P) for high-performance supercapacitor. J Solid State
Electrochem, 2019, 23: 3409-3418

Luo J, Zheng Z, Kumamoto A, et al. PEDOT coated iron phosphide nanorod arrays as high-performance supercapacitor negative electrodes. Chem
Commun, 2018, 54: 794-797

Nayak S, Kittur A A, Nayak S, et al. Nickel phosphide-polyaniline binary composite as electrode material using chitosan biopolymer electrode
binder for supercapattery applications. Mater Today Proc, 2022, 54: 912-922

5875


https://doi.org/10.1016/j.jcis.2021.09.159
https://doi.org/10.1007/s10008-019-04443-x
https://doi.org/10.1007/s10008-019-04443-x
https://doi.org/10.1039/C7CC09163J
https://doi.org/10.1039/C7CC09163J
https://doi.org/10.1016/j.matpr.2021.11.221

M4 EF LB O20206E88 F11E L2441

Summary for “HLYUR] & NiCoP/5 2 Wi/ Bi-A e A 4k a8 s viv i 5 F

Preparation of NiCoP/polydopamine/carbon cloth by
electrodeposition and its application in supercapacitors

Ningna Chen, Haiyan Zhu, Huirong Bao & Xiaomiao Feng"

State Key Laboratory of Flexible Electronics (LoFE) & Institute of Advanced Materials (IAM), Nanjing University of Posts & Telecommunications,
Nanjing 210023, China
* Corresponding author, E-mail: iamxmfeng@njupt.edu.cn

Flexible supercapacitors (FSCs) have emerged as critical components for next-generation wearable electronics, portable
devices, and flexible systems due to their rapid charge—discharge kinetics, high power density, and exceptional cycling
stability. Among FSCs, pseudocapacitors stand out for their ability to leverage reversible redox reactions at electrode
surfaces, enabling higher specific capacitance compared to electric double-layer capacitors. Transition metal phosphides
(TMPs), such as NiCoP, are particularly promising pseudocapacitive materials owing to their low electrical resistivity,
abundant active sites, and tunable electronic properties achieved through phosphorus doping. However, TMPs face
significant challenges, including structural degradation during repeated charge—discharge cycles, volume expansion caused
by ion insertion—extraction, and poor long-term stability in aqueous electrolytes. These limitations hinder their practical
application in flexible energy storage systems. To address these issues, researchers have explored hybrid composites by
integrating TMPs with conductive polymers. Polydopamine (PDA), a bioinspired adhesive polymer, has attracted attention
for its distinctive properties, including strong interfacial adhesion, redox-active functional groups (e.g., catechol and amine
moieties), and mechanical flexibility. PDA simultaneously acts as a conductive scaffold and a stabilizing agent, mitigating
volume expansion in TMPs while enhancing electron transport. This synergistic integration of TMPs and PDA offers a
pathway to overcome the intrinsic limitations of TMPs, enabling the development of high-performance FSCs with
improved energy density and durability. This study introduces a one-step electrochemical deposition method for fabricating
NiCoP/PDA composite electrodes on carbon cloth (CC) substrates, leveraging the complementary benefits of TMPs and
PDA. The fabrication process involves concurrent deposition of NiCoP nanoparticles and PDA layers, yielding a uniform
coating and robust interfacial bonding. The effects of deposition time (10, 20, and 30 min) on the morphology,
composition, and electrochemical performance of the composite electrodes were systematically examined. The optimal
electrode, NiCoP/PDA/CC-20 (deposited for 20 min), exhibited exceptional electrochemical properties, with a high areal
capacitance of 1141.6 mF cm ™ at 4.0 mA cm > (corresponding to a specific capacitance of 713.5 F g ') and remarkable
cycling stability, retaining 85.8% of its initial capacitance after 8000 cycles at 8.0 mA cm ™. The superior performance of
NiCoP/PDA/CC-20 is attributable to the synergistic integration of TMPs and PDA. The PDA layer on the CC substrate
effectively prevents phosphide aggregation, enhances charge transfer kinetics, and provides mechanical resilience against
volume expansion. Additionally, the porous structure of the composite creates numerous ion diffusion pathways,
improving rate capability and the accessibility of active sites. To assess the practical applicability of NiCoP/PDA/CC-20, a
flexible asymmetric supercapacitor (ASC) was assembled using this composite as the positive electrode and activated
carbon (AC)/CC as the negative electrode, separated by a PVA/LICl gel electrolyte. The device achieved an impressive
energy density of 84.7 Wh kg ™" at a power density 0of 999.3 W kg™', outperforming many recently reported FSCs. The ASC
retained 93.5% of its capacitance after bending to 180° and 95.4% after 200 bending cycles at 90°, demonstrating excellent
mechanical robustness. Furthermore, the device showed excellent cycling stability, maintaining 84.2% of its capacitance
and 99.5% coulombic efficiency over 8000 cycles at 4.0 mA cm ™. Two ASCs connected in series successfully powered a
red light-emitting diode, confirming their potential for wearable electronics. This study highlights the NiCoP/PDA/CC
composite as an electrode material for FSCs, offering high energy density, exceptional cycling stability, and mechanical
robustness. The one-step fabrication approach simplifies large-scale production, and the design principles (including
synergistic material integration and structural optimization) provide a framework for developing advanced FSCs. Future
research can focus on scaling up the synthesis process, optimizing cost-effectiveness, and integrating these supercapacitors
into multifunctional wearable systems.

supercapacitors, transition metal phosphide (TMP), electrodeposition, polydopamine (PDA), carbon cloth (CC)
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