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Abstract

With the intensification of the global energy crisis and environmental pollution, the development
of efficient and eco-friendly energy storage technologies has become a research hotspot. Superca-
pacitors, owing to their excellent power density and cycling stability, have shown broad application
prospects in various fields. However, their relatively low energy density remains a major bottleneck,
which calls for the development of advanced electrode materials. Copper-based compounds derived
from copper foam possess good electrical conductivity and chemical stability, making them ideal
templates for constructing self-supporting electrodes. Nonetheless, their single-phase structures
still suffer from performance limitations. Integrating these materials with layered double hydrox-
ides (LDHs) to form core-shell architectures can effectively compensate for individual shortcomings
and enhance electrochemical performance. Metal-organic frameworks (MOFs), as porous precur-
sors, exhibit significantly improved conductivity and redox activity after sulfuration treatment; how-
ever, selenization methods are still hindered by high energy consumption and cost. In this study, we
propose a room-temperature strategy using elemental selenium and NaBH4 to selectively selenize
a ZIF-67 /CuO composite, successfully constructing a Cul.8Se@NiMn-LDH@CoSe: hierarchical elec-
trode material. This material delivers a high areal capacitance of 11.64 F-cm-2 at a current density
of 10 mA-cm-2, with a capacity retention of 88.13% after 5000 cycles. The assembled device achieves
an energy density of 2.20 mWh-cm-2 at a power density of 9 mW-cm-2, with capacity retention and
Coulombic efficiency reaching 99.93% and 99.86%, respectively, after 5000 cycles. This work not
only provides a green and low-temperature synthetic route for MOF-derived metal selenides but
also offers a promising strategy for designing high-performance supercapacitor electrodes.
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FER— PR AS . A HL B2 TEH UL e ms , LS MOF ATAE 4 JR AL i 45 40 s ) S AL A e 2
Tt X T HAEB Y RS R R A RE AR R R )2 B B S RIS R
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SHMMEMRETE, BoRBRS AN BT 10 mA-em™ P HRREE R 11.64 F-om? 5
HFAEL A B, 5000 B 52 S ORFFR N 88.13%. X R ZHAFFE 9 mW-cm™ RS | 2.20 mWh-em 2 (R BE &
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2. SCIGERSY
2.1. HReYH&

(1) Cu(OH), Al CuO iy BEAA () 1) 4%

AR N 1.0 om x 3.0 em)fK A B 3 M SRR A AT P i e . T e (i
KRBT EHSTEA . 8k, BHFAERRT 2.5 M NaOH A1 0.125 M (NH4)28:0s i, #5(NH4)28205
BN NaOH ¥R HF, FFREFEEHIRE 5 b I RIR &5 . bR, EELAMET, KA
FMAIEI 10 0%, BIGRE, F2 8 TOKM BRI BRI, T 60°CH 2 T4 h it
W, 3% Cu(OH) . )5, ¥ Cu(OH, FEME T H3ky i, LA 1°C/min BFHEE T2 200°C, {Rif
3/NEE, AT CuO GKFERES

(2) CuO@NiMn-LDH Fi BRAA [ 1] 5%

# 3 mmol NiCl,:6H,O+ 1 mmol MnCly-4H,0. 5 mmol 75 3F F JE DU & AR Yk v T 30 mL 258 17K
BEJS, RHAWAEEFE R 50 mL AFENAT S EET, RATA R CuO FEIFTE 90°C FIREF 6 /M. £
i BRI, 88T BE ST SRR CuO@NIMn-LDH £ 28774, 5 RE T 258 T /K e b vk

DOI: 10.12677/ms.2025.156150 1409 MR 2


https://doi.org/10.12677/ms.2025.156150

HGERL 45
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(3) CuO@NIMn-LDH@ZIF-67 Hij BRAA [ 1] 4%

4 2 mmol Co(NO;), 6H,0 ¥R INE] 50 mL Jo7K BB F-HEHE 20 408h, 4331 0.04 MO ZL AR KTl
Jetfil % ) CuO@NiMn-LDH BN FEAEPR IR R B 1 /N o 5, 4 S mmol 2-MI ¥ f#4E 50 mL
ToKFEE, SR 20 208, HS S EECAN 0.1 M . &5, K CuO@NiMn-LDH Rij{&E 7%
BCARIE IR, AEPREEIR LN IS 2 /NI o K PR oK F BN 25 B /Kt ARG AE 60°C I A Ak
Fah TR .

(4) Cu sSe@NiMn-LDH@CoSe; FH AR 1l %

80 mg A AT 120 mg NaBH, %42 2] 20 mL 7K+, RIZIFEE 2 . 85K CuO@NiMn-
LDH@ZIF-67 A SAARMI RN G 1, TEM BRI NIV 10 708 . HIOK CRERUKMIEEBLE, 1@l
o

2.2. MRIEISRAE

IS4 T R UBL(SEM,  EISS Sigma 360)F1iZ it L 2 U BE(TEM, JEOL JEM-2100F) X fi ) T
FHATRAE . Bl 4516 CusS@NiMn-LDH@Co4S3 FEARM B di AR S5/ R X S 287754 (XRD, SmartLab
OKW)HEATRAE . X I HL FHEIH(XPS, ESCALAB250Xi) /0 Hr Scib ARk 2 1 7o 2 AR B A 25

2N

=G o

2.3. BBALFEMRERIR

Cu, sSe@NiMn-LDH@CoSe, FLHR [ FL Ak 2= PR eI I FLAL 2 T/E S (AUTOLAB PGSTAT 302N)ill {75
o ZHRTEHARBECN 2 M KOH [ = HIAR T T. HH, CuisSe@NiMn-LDH@CoSe, HARER T
R, Hg/HgO HMRAEAZS ik DL R Fr AR E XS Bl B4k, Cu,S@NiMn-LDH@Co4S3//AC FE
Xof TR e 4 P S 248 TR PN S M R FH T PR A R A T B F AR 88 PR 0 A A v A P 3 v e 4k
AR G(LANHE CT3002A) 470, MRIELL T A, T GCD HhZeit St B %

Ij VAt

C, = e (1)
IjVAt

C, = NE ()

Hep G (Fgh)s G (Fem™?). V (V) T(A)s 1(s)s s (cm®)F m () AMCRIFTE R HAEA. ks
Bl BCEEEIE . R TE) R E AN E M TR
2.4. SRHFAVALR

ASC ZEE P BH A B AR MR 5 23 3 B B . Cuy sSe@NiMn-LDH@CoSe, £ (1 x 1 cm) Al
KOH/PVA %t MR TG TER(AC) FRIUF LM(PTFE)AI 26 4% 80:10:10 [T & LR &
M, REEEREA x 1 em) . CuisSe@NiMn-LDH@CoSe, 1 AC HJi & 147> %14 5.0 A1 29.5 mg.
GOS0 F B AR B AR P AR A e o« ARG U R

qg=CxmxAV 3
m"-_ C AV @
m C'AV”

BEAh, FATR XA S TEAL T ASC SRR LA VERE, DDA FE AN e & 5 R i DR 2 30
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Figure 1. Schematic diagram of the synthesis process of CuisSe@NiMn-LDH@CoSe:
electrode materials

& 1. Cu1.sSe@NiMn-LDH@CoSe: ERM B ER I ZERER

I SEM TEA RIFBCR A 3 TR AT T Hil 8 B R TE S MY BU TR RHIE . W18 2(a), [ 2(b)Fiw, it
TE FHUAL B ()00 Y00 2R TR B P A R PP IR o A 2 i 2 R T L AT SR T BN ZE BV R (5 Cu(OH), 40K 26 .
wmE 2(c), Bl 2(d)fR, ¥43k45 Cu(OH), BIARTE D il T mifiB K AAFL S, 3R1F T R&fs Hi Y CuO gk
2o MEKPGEREZ G, CuO GKER I EH M E | AH B2 XAk, 917 NiMn-LDH 1))
A o Xl v LU R THT FRIAZ 576 57 1 225 W) T DASR BB 3= 8 IR SRS A0, Dl ZIF-67 (1 47 sk B Il A A, i 2(d),
2[R N T WA A R I3 — 20 S f T/ T4 F2 80 112, NiMn-LDH R [[1¥) 511 £1 3, ZIF-67
PR T o BEAN, IR S AT CuisSe@NiMn-LDH@CoSe, [ & B kA R, 1 2(g), E 2(h)
. SaiikMbL, HIBARREEMEA RENDE. ith)E, BRRBEiaEmRas T EE8E, XA
IR T A Ak s i () FEL S R A 2 L M B P [FIVE o 383 EDS Y613t —25 38 T Cu. Ni. Mn. Co 1 Se
JLRTE Cuy sSe@NiMn-LDH@CoSe; )51 53 4fi -

Ik, it TEM BER T CuisSe@NiMn-LDH@CoSe, RS L 2 db AR S5 My A 457 o 14 3(a)~(c)
/AT CupsSe@NiMn-LDH@CoSe, E &M EHIARIBONE 2 N1 TEM EUR, HAdE 3(a) BoR Hak &
RGO T, R T HMRR A . A, TR 3(o)ma ERES T B A P
EA% 2 BUR R T 0.203 nm [FPFIIAEE, XF N T CuisSe I(220)dbTH » 7E ] 3(d)~(HE R T CuisSe@NiMn-
LDH@CoSe, B A MR T A7 B A F MR TEM BB, K 3(Oma PR B B 2R 798K
A BRI a2 S0 TRIFE A 0.190 A1 0.197 nm, 73 51l s Bk T CoSex AH¥I(121)F1 NiMn-LDH [#](018)F*1f -
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Figure 2. SEM images of (a) (b) Cu(OH)2 nanowire arrays, (c) (d) CuO nanowire arrays, (e) (f) CutO@NiMn-
LDH core-shell nanostructure, (g) (h) Cui.sSe@NiMn-LDH@CoSe2 3D core-shell nanostructure with differ-
ent magnifications, (i) Mapping of Cu1.sSe@NiMn-LDH@CoSe:> electrode material

2. FRIBAMBEHA(a) (b) Cu(OH) KLZFES, (o) (d) CuO HAKLZPEF, (o) (f) CuO@NiIMn-LDH
¥R AKLEH, (2) (h) CursSe@NiMn-LDH@CoSe: 3D #%7F=4HKLE#IAY SEM Bl&, (i) CuisSe@NiMn-
LDH@CoSe2 BB 1R #4#L#9 Mapping

0.1900m

Figure 3. (a) (d) TEM images of Cui.sSe@NiMn-LDH@CoSe: electrode materials at different positions, (b)
(e) enlarged TEM images, (c) (f) HRTEM images of Cui.sSe@NiMn-LDH@CoSe: electrode materials

3. (a) (d) Cu1sSe@NiMn-LDH@CoSe: BRI IR EHRIE K TEM B, (b) () BUARI TEM Elf,
(¢) (f) Cu1sSe@NiMn-LDH@CoSe> B AR #4489 HRTEM E &

BT XRD F3Hr AR 2 BT 4 1 B2 A AR 25 d B RAR AL . B8R, AERRAN G BRI XRD 2k
AT LLEE 2] 4(a)h 43.3°0 50.4°H1 74.1° 40 ) =N RBUATHIE, X ATIHKT CF (JCPDF No.04-0836). It
Ah, BT 16.7°1 23.8°1 34.0°, 35.9°, 38.1°, 39.7°F11 53.3° [ TL MEFAEIE(JCPDF No.35-0505)iF 52 | Cu(OH),
T CuO (JCPDF No.48-1548)M I AT iUt ILAE 35.2°, 38.9°4k, 1ER Cu(OH), ¥ 1t Ny CuO.
B4 CuO ZoKAEZR A NiMn-LDH 90K Fr, B BLIIATHT AL T 11.3°, 22.7°, 33.4°, 34.2°, 59.8°F
61.2°(JCPDF No0.38-0715).21.8°.29.5°H1 31.0° AL () 5T IEIER] | ZIF-67 40K SR AR I L& G il AL J=
WL E T B TSI 26.8° 44.5°, 52.8° % N.F Cu;sSe (JCPDF No. 83-1462)[J(111). (220)- (331)&aH
30.8°. 36.3°. 64.7° {15557 ST X} N CoSe, (JCPDF No. 02-1458)[1(110)s (012) (220) % T -
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Figure 4. (a) XRD spectrum of the prepared electrodes, High-resolution spectra for (b) Cu 2p, (c) Ni 2p,
(d) Mn 2p, (e) Co 2p, and (f) Se 2p of Cui.sSe@NiMn-LDH@CoSe2

4. (a) HIZEBERA XRD K, CursSe@NiMn-LDH@CoSe2 #(b) Cu 2p, (c) Ni 2p, (d) Mn 2p,
(e) Co 2p F(f) Se 2p KIS S RStk

FIFH XPS #FF T CuisSe@NiMn-LDH@CoSe> FIMLZEAH AN ES . Cu 2p Hilk(& 4(b)H, AT
953.9 f1934.eV 4b, SFRiF Cu?* 2pip Al Cu?* 2psn, UEH] Cu* IRIAFAE. 952.3 Fi1 932.4 eV Ak [HFF TR 7]
CF 1] Cu®s L[] 4(c)), 872.5 Fl1 854.9 eV AL AN 22 A T HNIE 4 73V J&E T Ni 2p12 A1 Ni 2psse
873.3 1 855.8 eV ALMIHFALIE X B T Ni3*, 873.4 F1 855.8 eV ALl xS N T Ni%*. 7E 878.7 A1 860.9 eV
Wb RSB AN TRIE . HIERE R 2 B E 17.7 eV ML, TREIRGIER 3, IEL T N /FE[22]. Mn
2p e (1] 4(d)) A 4~ Mn?" (638.6 eV). Mn’* (642.5 eV)Fl Mn*" (646.4 eV) [23]. Co 2p BE(F 4(e)),
ALF 795.2 F1 776.5 eV AL FIUEXT N F Co™, AL 799.5 F1 781.7 eV AL HIUENT N F Co®, 1F 802.2 F
787.3 eV AW T EWE . K 4O, Se 3dspn Al 3dsp WAL T 54.5 1 53.8 eV i, S52:RTIRIER
Co-Se $ 45 FAFF. FIoh, 1 58.6eV Kb 1) B W 1T B A& FH -8 2544 51 A2 1, 3XJ2 B CoSes M4 S AL 5
L rI[24],

TE =M AR FoEE CV. GCD A EIS A 1 Firifil £ AR I Bk 22 e . 18] 5(a) 7R T Cuy sSe@NiMn-
LDH@CoSe: £ F 7E 0~0.65 V [FIHIVE I A, 7ERFIHHEEZ (104 15, 20, 25, 30 A1 50mV-s ) F CV
ek, dhzkis R, BRvamE N I T B P A n R i AR 2k, SRR T B R AL )
HLZA M. X 5 iR A & Niv Mn A Co B T HIEALFNE JFUS FE A 6. BB TRl & (1 18
I, CV e U L RURE S IG N, B AR U AN S A e ] 1) BE A7 RN S B PR AR RS By, IX BRI R AT R TR
THREE I FRI R TR R, BEE RN, b 5 AR R B #2 th TAE A & .
Kl 5(b)##i%: 1 CuisSe@NiMn-LDH@CoSe; # i fEA R AL % FE(104 154 204 25, 30 140 mA-em2) F{E
0~0.5V HLALE F A GCD #14k. GCD 4 TIP3 . LU A M A ORFFZ . i BN FR ) GCD
2L W] CuisSe@NiMn-LDH@CoSe, Ff it E A7 I L 2P B AT R4 1) s Ab 2l it . R4 A Q) i A
A ATHED, 7E 104 15, 204 25, 30 140 mA-cm™2 FHLARE) Cs 737008 11.64. 11.45. 10.09. 10.45. 10.05 F/I
9.42 F-em 20 £ 5(c)# Cu,S@NiMn-LDH@Co4S3 FEAR Y B4k 27 1% BB 5 HARAE fhdk AT T AL, CuS@NiMn-
LDH@Co4S; HUIRTE CV M A TR R, R iR, MR S i 25— 0 SCRE T Hsl o
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Figure 5. (a) CV curves of at different scan rates, (b) GCD curves at different current densities of Cui.sSe@NiMn-LDH@CoSe:
electrode, Comparison of (c) CV curves and (d) GCD curves of all prepared electrodes, (e) Impedance curves of electrode, (f)
syclic performance of electrode at 20 mA-cm™2 for 5000 circles

& 5. Cu1.sSe@NiMn-LDH@CoSe: B (a) ZEAREFIHRERL CV #iZk, (b) FREIBERZE TH GCD Mk, FiaHl&E
RIEE#R(c) CV BliZEFN(d) GCD HhZksxTELEl, () HEIRAIPEITENZE, () HEARTE 20 mA-cm™2 T 5000 RAEI M RE
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Figure 6. (a) CV curves at different scan rates, (b) Linear relationship between scan rate and peak anode current, (c)~(g)
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Figure 7. Two-electrode tests of the Cui.sSe@NiMn-LDH@CoSe2//AC ASC device. (a) CV curves of the Cui.sSe@NiMn-
LDH@CoSe2//AC positive electrode and AC negative at 10 mV-s™!, (b) CV curves at a sweep rate of 30 mV-s™! with different
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LDH@CoSe2//AC device, (g) Ragone comparison chart with previously published articles, (h) Cycling stability at a current
density of 30 mA-cm 2 and application example of power a thermal hygrometer using the assembled ASC
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