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Abstract

Supercapacitors occupy an important position in the field of energy storage due to their high power
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density and long cycle life. However, the lagging development of anode materials has become a key
bottleneck restricting the improvement of their energy density. This paper systematically reviews
the research progress of anode material systems, including carbon-based, metal-based (transition
metal oxides, transition metal sulfides/selenides, MXenes), and MOF/COF derivatives, discussing
them from three aspects: energy storage mechanism, performance characteristics, and modifica-
tion strategies. Carbon-based materials are based on electric double-layer energy storage, achiev-
ing high power and long cycling through pore structure engineering and heteroatom doping. Tran-
sition metal oxides overcome poor conductivity and volume expansion through nanostructure de-
sign and carbon compositing. Transition metal sulfides/selenides enhance intrinsic conductivity
and structural stability through heterostructure construction and anion doping. MXenes exhibit ex-
cellent rate performance by utilizing metal-level conductivity and tunable surface functional groups.
MOF/COF derivatives achieve high specific capacity and energy density through designable topo-
logical structures and heteroatom doping. On this basis, this paper adds a comprehensive compari-
son and discussion section, providing a horizontal evaluation of each system through a table com-
paring key performance indicators, summarizing common challenges, and proposing prospects
from four directions: innovation in energy storage mechanisms, precise control of multi-level struc-
tures, device integration optimization, and sustainable large-scale preparation, aiming to provide a
reference for the rational design of high-performance anode materials.
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Figure 1. Synthesis process and properties of Dpr-N-P=0 [27]
1. Dpr-N-P=0 & T2 S5 4E[27]
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WP P AR T e R XUT R B AN . Kaur 28 N[28 R FH/KBGERII &K Tl #. 5=
TSI A BRI (BPNG) . B0 B T B a5 . BRI EIFER, UL BPNG 2028 (16 FR B g L 28 4%
RE B BEIA 23.4 Whkg ™!, JBF 5000 (15 A EARFF Ty 84.62%, JEILHIL T MIEFFEEE PE[28] (4] 2).

Pseudocapacitance

B,P,N codoped graphene
Energy density: 23.40 Wh/kg; Power density: 692.31 W/kg

Figure 2. Schematic diagram of BPNG symmetric supercapacitor device [28]

[# 2. BPNG 3R B R B R 825 R = E 28]
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AL S AR 4% . Chen S8 N[29 R AL SAHDIRNE, 78 “B3E - BANE” BRAPKEM SRSl 72
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KRS EME, MORFRRICKEE A BIE G @ L RIA BG5S 50 E% M5, BN T BB ME
FREER . 1% E S AR RN BN, T ES A EE R AR i, BRI T R M (B
SEPE IR 5.4 MPa)FI1Z) 102 S-em ™' FIHL T2, LR ENIA 959.3 m>g . 2R K0T FREE 2 Ho 25 45 e =% 5
49 53.1 Whkg™', DIREEN 800 Wkg™!' o SHBAMIEHLL, EEMGIA NS | A SRIGHES, @M 7
T RGN B Sk, TERMMEWAR et B AR . HIbrT L, W “BEFRESBR” 3“9k
REESE” FIEEE, I T BRI 70 R — YR Re Ak 7] 2 R &5 M P IR Bt a4 (1 3).
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Skeletal-capillary CNTs and MgO CNT/graphene/MgO composite CNT/graphene composite

Figure 3. Schematic diagram of “skeleton-capillary” carbon nanotube structure [29]
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SR, BARETE SR M DUMARAS F vk & Jm S ) Stk i) @ Rk, SEM Rl E & o — &
TLRMS . XSRS S YUK BT T R Re FLAb: AU RS B Tk Ae, Ja# WG I d i 71&
B . BRAMEME R T R SR AT R SR = G AR 2, R R AR AR K. Chae 25 N [301RH y fRR
MG TERRAOR AT - TR IR/ B 9K 4584(C/Co), Fa R FR L T RIS 51 1) C/Co 9kpe it RIFRHME S
sp Bk IE Dy sp? 2% 35558 Co-N-C BLfifEH . ZE AWM EHEILH X ReRetE: B R MmkES, 751 Ag?!
HLL% B NI IL 84 Frg!y, HARIIARIFRE I AR SRAE 1011 Wkg ! TIR%E FREEREIX 463
Whkg ™!, FEFR 20,000 (RG B BRFFRIE 97%. [HEAERERE, FRFEF S IFIEMETHF, ke
Wit SEGMEE, BN S8 S om0 E R 4).

3.2.2. TEERBRWL/ALE

S84kttt BRI FeSay BixSs ViSa)FI4EJBAILYI(UT FesSes+ BixSes) B 5 i [ AL
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Figure 4. Schematic diagram of C/Co nanorod structure [30]
4. C/Co MK LEMEE R EE[30]
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Figure 5. Schematic diagram of the synthesis of GW@FeSz-FeSez [31]
5. GW@FeS»-FeSex A~ =E[31]

3.2.3. MXenes E iR R}

MXenes J&—ZH 8 4 I & @i/ 2, 808 My X T (n =1, 2, 3), Hb M ONETEES)E,
X ABEE, T NERIHEEREF(OH. -O. -F %), LA Ti:CoTx AMREN MXenes HEEEH FHME. K
PEFR A AR 2 R S50, 7658 G E R R B A S B4 SR R RIS R AR e 1

KI5 MXene [ HALZEMERE A veetEm . BFER, -0 HREFZES SR MMIE R B 3=
TGN 2, 2 BT & A RK T MR S T A& % . Stephanie %5 A[32KRH# 2 TisCoT, MXene
(SL-MXene){E iz, 7E 11.49 A-g ! FSEHLT 459.77 F-g ! I L2 . MXene 00 4 & F-F M1-O it
B T MORHENE Y, AR TS S T AR UY R, AT v R LA A A

EFXF MXene H 2RISR R R HBEH AR, Ma & A[33 M0 LEE ki, HRA KRS
WAl BACER S BRI =P O REE G, I T B SO R S5 A P-MXene/Cpaq-A HIMK . X HEARLE 5
mV-s ! FHHHER T BZIA 532.9F-g !, 1820 A-g ! RS FIEFR 40,000 5 2 = ARFERN 97.1%,
JF 4k MXene HiH%(79.6%)F1 P-MXene-A HiA%(77.3%) 44 B & T, [HIN S RIF VISR IITEA 6).
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Figure 6. Schematic diagram of P-MXene/CPAQ-A structure and CV curve [33]
6. P-MXene/Craq-A Z5HREE K& CV #i1%%[33]

4. HAbFHL AR

Prigdk. &RESFHESYW=REMERIN, SRAPHEZMOFs). HLH A HIHESL(COFs) & HAT
HEWEERAOR RIS IR 4h S S5 S R ThREALRFE U SR RAE R i A 48 AR T P B H LK

4.1. SRBYUER(MOFs) RELTEN

MOFs & FH 485 #(W1 Zn. Co. Ni. Fe. Bi %5)S5H WAL H 4L Z LA R, B R
R U FLIE B v BT IR AL o HATAEMIANIARRR . 48 S Y/B A B A A ) nT 4k &
MOFs IS5 H A T it . i R #g 24 1F, MOF AT T St 2 5 (e 8. &4,
WA IR S A, ARG @ B R v v 22 R AR A ] R T BT A%

LEESJE Bi N, Yu % A\[34]LL Bi-MOF (CAU-17)NRTIRAE, #EHI 1508 Bi,0s@C k.
JEAIRRZIRTE T S H IR AR, %A 0.5 Argt FHUR IS 1378 Cg™', 4000 YRG5 fRHF
R 93%; LHAEMIAEXT R B 1FAE R 2E A 49 Whkg ™. S22 AL, 48 Fe 3£ MOF fi74: 40 5 (il & T
ZH A, Wang 25 N[351F Fe-MOF #f#3K13 Fe,05/FesN/FesC = E &4, H FesN 5 FesC &
FZESHEME. ZOREEREN 4152 Cg (1 Ag), BEREESEIA 49.85 Whkg™, 6000 MRKIEH{4HF
2 90.6%. PSR RILFIZRI: @I 1 MOF BT IR 1) 46 2 R AR 2% 1F, PTSEIAT A= D 4540 S5 1 e
MOREHEE S SR1M, MOF ATAE SR T I KA 4 e 4 Jm ik B S Bk, A At — 2D R

4.2. N BIIEZ(COFs)REITEW

M E HUAESL(COFs)E N — S B HLE5 A4 B e id i s 0 B ) IE B T I i S 2 UM R, AR
KA RS S A v JE T IO UERT I - RALTE LM . R 2T 40 il i) A8 JE a1 7 s
HIEAL S PR R R 1B R R, LR T2 A SO R ek R B R B S AR 3, O R RE A
RE FEUAR AT R IAZ O MR R 2 — . 1% COF FHMEEA R, B 708 did snl i &35 e g, 127t
A B FEE IR 5 NI SRS AL sk et LA M B . Chen %5 A [36 R H B AL 4 %35 2% COF (N-
COF), ffb ) In/lg A\ 1.11 [ 0.95, FBAGFREE RS, MEEBUSMEA SS n. N-COF 1E 0.5 A-g ! R
AN 267.53 F-g!, ABEMFEX PRI A SR AE % L 81.21 Whk-g ! (BIEREE 1499.62 Wk-g '), 10,000
UAEAREEZR 90.56% (4 7).
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Figure 7. Synthesis flowchart of CNF/CoNiP and N-COF [36]
B 7. CNF/CoNiP 1 N-COF By & B RAZE[36]
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Table 1. Comparison of key performance characteristics of various supercapacitor anode materials

F® 1. FEBRBAFORMRL SR RERTEE

E EIEEE?)' fw%f; ?) ﬁfkff FEREE Rk R
AL 100~450 5~53 10~10* >90% i =
R A 200~800 10~46 500~10° 70%~85% 4k g
T 4 R AR/ A 300~900 15~78 50~5000 80%~90% g B
MXenes 300~530 10~30 104~10° ~90% = I
MOF/COF #i4#4) 400~1400 40~80 800~4000 80%~90% = i<

FESERRas et b, MRS 37 SR . A KA R Joi F i3k s MXenes; 1=ifE
B R OR (U0 485 WL 1 ) T ae PO R < R SR A W B A ) SRR I R S ARE SR T o S
MOF/COF ATAM S R 71« IR R R gl IE GO 5 R RHIL L, OO S0 B — AR RERR PR (¥ 3=
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BHEUE T SRS AP . o e m /A Y R A S S S T B, EIRTEAIE S
FL PR AN 25 R R P T PR T LR AR A9 MXenes R A IR 20 3 bk 5 m] IR SR I B REAL, AR 98 DAL B 1
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