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Abstract: Electric double-layer capacitors (EDLCs) have demonstrated broad application
prospects in power electronics, transportation, and defense due to their fast charge-discharge
rates, high power density, and long cycle life. Porous carbon materials, with their high specific
surface area, excellent electrical conductivity, and low cost, have become the most
commercially valuable electrode materials to date. In porous carbon supercapacitors, energy
storage is achieved through the formation of an electric double layer at the solid-liquid
interface as ions are adsorbed into the porous electrode under an applied voltage. Therefore,
a thorough understanding of how the topology of confined nanoscale pores in porous carbon
influences ion transport and charge storage mechanisms is crucial for the rational design of
porous carbon electrodes. Based on this, this review summarizes the latest progress in
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energy storage mechanisms of porous carbons, emphasizing the critical role of theoretical
simulation methods, such as molecular dynamics, in investigating charge storage and ion
transport mechanisms. Special attention is given to recent advances including anomalous
capacitance enhancement in subnanometer pores, oscillatory variation of charging rates in
microporous carbons with pore size, cooperative mechanisms in mesoporous carbons, and
pre-storage-synergistic transport mechanisms in hierarchical porous carbons. Finally, it is
suggested that future research should advance toward experimentally constrained electrode
model construction, the development of multiscale simulation methods, elucidation of
pseudocapacitive mechanisms, and data-driven structural design. This review aims to deepen
the understanding of energy storage mechanisms in porous carbon supercapacitors and
provide a theoretical basis for the development of high-performance supercapacitors.

Keywords: supercapacitors; porous carbon; molecular dynamics simulations; charge

storage; ion transport
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Fig. 1 (a) Normalized capacitance of carbide-derived carbon as a function of average pore size'”; (b) Mass-
specific capacitance as a function of average pore size"®; (c) Unit area specific capacitance as a function of
tube diameter in carbon nanotubes of different diameters™

Yang S50 B BE i 90 K BE A1 5 A AL R AR R
W RFEAT 2R 50 73 1L, B AR
5 2 L H 25 5 S A DN B PR B A T A Tl HL R 1)
A —E, HEI 7 AR SR LA IR
MG HN, & BE g B2 A an s g [ 1(b)]. 1E#&
FAR T YUK IR N B T A AR B LA
N, BZ IR SLER 2 R 16 ) %+ (counter-ion, #&
FLRr 7 5 5 PR R T FRL AT A SR 5 1) T SR Hh HE
GIAE AR AR T, oA A BE R AR v, MK T AR B
FLZ% . Shim Al Kim i 7ot — 5 UuEsE 7 ARl L
HBEFLAE SR BB R [E 1(c)], X5 Chmiola Z1
R SEE W) & o B — B R0, FEGIKALN,
RET2IREEHS], HE% T Bk,

RN T R Z R, WS BRI n.
AT, ML/ T B RS, SRR
W, SR FFE. Kondrat fil Kornyshey 252"
W PR T GBS S £
YPORBRIRIA A, 3 ) 1) & L e DR FLBE ) A AL
RENLAN B i AE B A IS, S T RE R LA G
J 1 v 2 T 2B B W B E AR R T, AT 38 K
WL . Bl S I B IR SRR~ BARAUAESE 1 AR AT
S TANE, HIES LA T HAAR, 94
KALI EE AR FL 2 KR 2

2011 4F, Feng&5*lad 7p 150 Jy 2 AU B,
L AN 1) PR 2 Bl FLAR ARk S AR 3 34 1 2(a):
MALAE/NT 0.7 nmB, BT NGRS RE 22 B



1782 g #e F

5 # A 2026 F5 15 %

FLARI/IN TGN, &R R MR N R, FEC
BN AE£0.7~1.0 nm XA A, PR AL LA BE AL
PR /NG R, 5 SRgeas R—8"; HAEKT
1.0 nmitf, GPRFLHRAERESLRIE R, RIMIRGFF
Peo fEEIRM T “XRETH” BISHERERY
DL PR E RS AT BLE Oy s (6] g
FEURA) P, XA ARG P R AE I AE
TN 2 T AR AL AR BT R 8 7 0 R
200 RPASTATER TN, AT BLAROR B RRASRI 1
MR EER ] BER AP E T . Hor, K
Ve REfEHE RS T HERR, A5 AN, TRAET
WNRE S T35S, SRR SHFE, Wu
PRSI T 0.75~1.26 nmif, HZREFLAEA
WEIHIR UL R[E2(b)]. B TR U Y
HL I LY FELARAR AL SR A BB i S MR AL N S
T gk Z B R . AEALAE/NT0.9 nmi,
BABHE T ESL P O AT B R SR HER ISR, (15
B £0.9~11 nmIX[AI N, &7 oAmETin
oG WARACTSE: SR RT 1 nmi, BHE T
SRR T 2 18] 5T IR s TR i R A R, fef
PRI S ) AT AT A A2, (A I I 7L
St F, Xing SFPHR H VAR S HU AR 08 R 2R T
HARAR A AR P B AL B B F AR PSS T
i, LT (co-ion, fRFELMIRT S 5 R T HLfr AR
FIRTES T ZHTFLE P HE, TS 8 1 5 L5
HVE TS RE R K SRS BE s P iR FEL AR R T P
i SIS T 2 M R SRR . Besh, VRt
—BHFURY], TR T SRS R B T S AR
WA LA IR, A SRAE IR il [a) L )
BRI 2(c)]-

Jiang PR A1PR H G LI bR BRI T Pk
fLHE AR AL 42 2R AZA[E 2(d)], IR AR
TR GE AL P LR U R B A T K
Ri, X5 Feng S i FEANEL. B, Jiang
HIBNEE A B LR R T R I, 4L ARk
1.0 nmitf, HEIRGIGIEAN K. BT, X
F F T AR I 7R 7 5 IR A 2 25 T3 T kAR AL I Y
LR E5K, TS T T8 80N . AR
s X R FLEE X HJE T RN 5] ) AR IR A2
WELZIFARMH I T2 gE FLA5 . Lian S5%HR Y 1
—ARRER O, AR BE NS [R] I 25 B FLAR /A il
RS LA S o 22 B BE U bR B B T AR

B, MfLA5H S 7 EAM AN, BR5E A B L
7% 2R B . 5 RTIA S 4% FL H R BT FEAR AL,
TP R % AR A0 VR T FL P B JZ 5 ) 2 TR A T
Wo MiBEE LRI, KRN —
0, ARG E N E .

SRIM, FLARIRAE e AR ME— R, 2Lk
PSR TE T B 3 THDRDRES P DA K 8 - BRI R i 45 T
FURFE A RS 52 . 4, Deschamps
SRR A S AL A A R AR, X A AR T
FhfLARAHUTAE S5 0 17 A R TS PR R AL . &5 2R
R, MHRTATER SR, 2 E N
e A 7 H T A R BN ALIE “OEAL” LR, fE
JE AR M LIE N I 2 J2 25 (AR 0T Je, AT AT 25404 5
2T HENBREENL S, BERTE T AR
Forse B 4 Ok — 25 AR T 2501l iy 1 2% A4 ) 1)
AL 2R RE, R SHESILE MR (-
LA, WERIED T RAM. Ak, 414
HOCEERITIFRE” (A8 1ERNRMEGK L FLAR A kL
JREREE A PRI OGBS, IR ST R 450
TP, A EBK[E3@)]. X TIEE
Science kK%, Gl 1T 2 KiF.

FIRSIS TAEFR AR, GeKALI SRSt
Z FLRA R Bt R BE LA OCBE RS A . SR, il
TE 4y TR R A B e 8 I B LS B A FLEE I 2 4L
WA A, SR M AT G ) BB . O AT
PRI I 70 B AR S 4 Y R A SR TH 5 NHELRE 5, R0 T
HX AL o . SRR, MR
PSB85 7 RSEAH 2 10 S 1 R R 9 oK 45 R
FL A P 25 A B iR 7 P B SR T AT 4 1 2 50%% %
fil4n, Vatamanu Z5°H) 43 F Bl 1 R 5 R I,
AT TR EEGRAL,  BA IR T DR 45 R 1)
BAEYPPR LRI B = 15— 5[ 3(b)]. HLEE
SIRTRW, {EARHEM PSR EAE T, FLEERIH
R 1 2% B S 3G S AL N 3L B8 7 5 R T2 A 1) 25 () 4y
B MR R RN, MRS FLAEEAT Bh T 455 s )
R T JRIRE R, PR A RIFS A .

Salanne fiff 7t A1 B4 4 7 B B E A5
PIRRALIIRT AL B AR AR Y, JE R A IE A T3l 7
SR TTVERE LT AR ST R R, R I
FB (1 25 T2 2 v 1 L T B L AT 45 4 1 P Al A
A, JFE R T SR R e 'Y A, 5
BROA S AR ST A B, B 7 OV AR oK BRI 155



SRALIAE: 2 FLBGH 2002 St RENL BRI 7C ik e

1783

10
9
|5
E 8
=
]
7
6
06 08 10 12 14 16 18
Pore size/nm
(a)
1of ¥
—a— negative electrode
—o-— positive electrode
£ 8|
Q L]
[
=
I8} -
6 _O\ D\
O'o\ / C
4 L L L L —_—
0.8 1.0 1.2 14 L]

Pore size/nm

(c)

C/(uF/cm?)

Normalized capaciance, Cint/(uF/cm?)

0.9 1.1
Pore width, W/inm
(b)

1.3

0 123 456 7 8 9101112131415
d(o)
(d)

E2 (a) PREEFLREMIM][TFSIE FRIARBREFLIZZN™; (b) HKFLH[EMIM][TFSIIEFiRiA)T— LB SREFLIZZ (=,
(c) TARFNIEARER BFEFLIZTWEY; (d) KRS FLEBIRAVR RREFLEMT U, IBEMNEUSFERALMIFE (0=0.5 nm)
Fig. 2 (a) Capacitance of ionic liquid [EMIM][TFSI] in slit pores as a function of pore size®; (b) Normalized
capacitance of [EMIM][TFSI] in nanopores as a function of pore size®; (c) Capacitance of negative and positive
electrodes as a function of pore size”; (d) Capacitance of nanoporous electrodes as a function of pore size®.
Positions of peaks are marked in units of ion diameter (0=0.5 nm)

REFZ ZHES, T EEUE R 520 R E,
LN B FRE S BB = RO M H A L AT
A AN 7 G B OSN . [RIE, R B TE 2 FLBK
P B 7 5 2 AR SR BT, D 4 A AL
HLff 7 B RE R, ATIHE AR R HAS . JE T Bk A
Fi, Salanne §E 43— D HEH T HER B TR AL
REALRIFEE N “FRIFEE” (DoC) Z%i. W
DoC A Mm%, TR FLI BRI N4 FP2RAY, X
IO BT TE K AL AR 4 2RI B A7 S [ 3(e)]. 7R
Jita I R EE S R A O S R Bt T R DoC B A A
T 55 ) 3 AR o 408 3 6 vy PR A7 A [ 3(d)]s it
M2 5, RO T o s 7R A N e BRI 25
[ B 3 2 2 7k LA 3(e)]. HE— 2D AT
FH, AR R Ik A A7 2R S - 1 PR AR
FEEYIIC: BT LR B R B bk Ry, X R

FELAT ) K2 RE BRI, BT S B B v 01 R AT A
filio IX—HLBIMERE 1 9T FLAR 20 Al AR (H BRI 5
AN [B] 1 5 Bl i 44 kL (40 CDC-950 #1 CDC-1200)
RIHEAF R EAE (LIHZE43%) .

SR S S SRR S NE TP/ €2 il NP -3
T 2 U R i RE L R AR = 4ETE > 1Bl 7
FRANTE, QU RS TN XU S
PRI B AN P 55 2 ISR Jdle , Wi TR L 2 4L
B LS SR R . R TZ AR i 1E R 3 ) 13
SRR R T LR B T A R T A A
filh, KAL) T BB TSt o, Ox i F R ik
AR LS KL &R T B 2 kg
TR SL E B ML RE A7 BE 2 A . WF7C T BAIE
FESL T 2 RUEFHGTREA, B B 1 2 0 e AL 2 B
Puilk, SCHL T OB S 2L K E YA, N



1784 g #e F

2026 #5515 %

150
=YP-80F
= YP-50F

=ACC-10

=ACC-15 *
=PW-400 =ACC-20

=SC-1800 e EL-104

sACS-PC *EL-106 *
©APC-700-1e AEL-1000 g

140

130} ; APC-700-2+ AEL-1100

©APC-800 e AEL-1200
©APC-950 = CDC-600*
©APC-1000 ~ CDC-800*
©APC-1050 » CDC-1000*  ©

>APC-1100
100 * P%
o 4

W B
t

-10-9 8 -7 6 5 4 -3 2 1
°F A values

120

110

Gravimetric capacitance/(F/g)

80}

ACN-(BMI)(PF)

I

4 dg Plane Hollow Pocket
=
2
g3 = [l
<] +
° — BMI
o2
k= — ACN
©
T \.\

! 1 \\“r"\ l\t—

0 15 30 45 60 75 90
Degree of confinement/%

(d)

IC/ICqa

.........

201/ Byb il ) IS
W.Rough wall nanopores

v\v/v

—V

Sim.

O / Flat wall nanopores

0.8 1.0 1.2 14 1.6
Pore width/nm

(b)

Hollow

ACN-(BMI)(PFe) AY=10V

16 F
S et
[} 0.8
g " .Jp.‘<\> Positive
g’ electrode
'LE 0 ~ Negative
% electrode
3 -08F
8 : “‘vﬁ‘;u

Edge] Plane Hollow Pocket
71 6 o 1 1 1 1 1
0 15 30 45 60 75 90

Degree of confinement/%

(e)

3 (a) MABMEL BRBABRMNNREBLLESSSEMTFE (06) EMEXME; (b) BAELBEIRGEFL SHEMEkLE
FLIF— LB AREFLETAS; (c) TFARMFLIREBER P 4 MR RERMEL S8 7 FEhNFEBIREC; (d) EFBALAT, 4
TR [ IR AL 2 & FRL FRIRBE R MK (e) ZERENN 1 VEBALT, IESaEBARAY 4 FRAS [ R PI4SL o IR BT S F RO BR e 2 2R 1K
Fig. 3 (a) Correlation between gravimetric capacitance of commercial carbon materials and thermally annealed
carbon materials and structural disorder (A5)*”; (b) Normalized capacitance as a function of pore size for ideal
smooth slit pores and rough slit pores®™; (c) Molecular dynamics simulation snapshots showing four different
adsorption sites in disordered nanoporous carbon electrodes®; (d) Concentration variations of different
species at four adsorption sites under zero applied potential; (e) Changes in charge of adsorbed ions at four
different adsorption sites in positive and negative electrodes under an applied potential of 1 V

et e 2 FLIR AR R B4R A T B AR
1.2 WILPKRRBETHEFEARETHER T
FHIEAR
HT T 22 B FK) PNP J5 R0 7 86 250 el g A R o4
M HIE TR AR DR B AR T

A, MELIER R R s s PRI AR S
TGRS Z 85K 5 e sl /2 R, T RR
il 1% 22 LR LA S 1 A S TR TR LB R IR N B
fifto o> BN RE A A8 5 R b de 4K
BREKGF  FE AL S 3 1A AT N, O T



% 5

SRALIAE: 2 FLBGH 2002 St RENL BRI 7C ik e

1785

HL 2 AR B REN LI G 1 2,

KE I ST TR, £ 2 LRI PK IR
WA, W E TR IS PR 2 kAR R E
AF, RIS A A [F 9 BT A,
U1, Forse | H JEAL Ik i 37 b6 FE A LR R
Wi 7 2L E T B iR B A
7R s AR, RIALAE R R R
FHER TR A FE ARV PRI I AN B 2, 2
N Z IR B AE . Chaban Fi1 Prezhdo® i it 43
T3 15 AR I 30 - VR A A BB X XUBE B 4
KB A SEER IR S, Hy B R BRI E &
4~5 1% . X —ILGUE T Hk 49 K B 1 BRBOA B &
BN BR I AE—4ETT 7], ARG T = 4E73 (A )
FHE A= . Kondrat S840 431 50 /) S AR AU A 72 i3k
— B RIAER SRS, FLNE TR RS

WA ERBAL: EFRAMEHEAT, BTMH
T R B2 (A P HEPI 450, 3 19 B R A%
TAMX: MEREBRH T, BTaEmEEATR,
LR B B 2R B 2 ] e T A ER AR — AN
HH[E 4(a)l. He it 4 R 77 T30 J1 #4540,
B—BESE TR R ORI AR R LA B T8 B R 2L
A ARALIE P R KB 4(D)]. #R1MT, Pean Z5*fE X}
HA B S R S M Ik AT A i 2 FL Al S5 A AL
HEL A SR R R R R B, FL B T IR B R b
HL AR GR I B 10 2 [ 4(c)]e X —ZE R E
TG T HAR IR RIS A 9 F AR AR AR AL B IR
BEA%, 158 Fa ML FE s P28, REAW
W - S5 AL, TRy HoE 20K W2 32
He I IR SCRRATED, 7E 70 R R G R L A (1)
BT AERAT 9 H AT AR — 2o B

Charging @ 3V
102[ Equilibrium —&—
10°

DIDyy

107

1.5e-06
e Anions

= Cations
1e-061

DI(cm?/s)

5e-0r

-25 2 15 1

Charge/(e/nm?)
(a)

-05 0 05 1 15
Charge density, g/(e/nm?)

ol

qjelec/v
()

El4 (a) TRIRPRFERSTREFRYBEAER URETHEKE—«, BDJ/D,,) " (b) KA sHRHKME
LB EEREERY; () BIERRERE FIY BABMEERBEH T L™
Fig. 4 (a) Diffusion coefficient of cations during charging process and at equilibrium, normalized by bulk
diffusion coefficient (i.e., D,/D,,)"*"; (b) Diffusion coefficient of ionic liquids as a function of net ionic charge
density inside pore™”; (c) Diffusion coefficient of ions in organic electrolyte systems as a function of electrode
potential“®

WIRTFTIA, AL B 7 09 5OCR B e s
R R, WY BT N B
FELAT PRI RR B R, A 70 73 FRLE FE SR I B 2 R o B
PEZ) 122 AE . Kondrat 2519945 & 3 1 50 71 A5 40
PR, BT SR S TR IR LA
T BN AT N G5 RR, WHORAL P A
HE SRR WA B TEWIAER B, R R LA
Pt o ] 52 AR S PSP 7 AR B B K[ 1] B(a)]s B S
7 4 A N FR UM B K[ B(b)]. JE ZeAft 7N LA
TR FR LR R 2R 1 78 FL I R U 5% B 2R AL I B B
YL J1 AR E® ., Breitsprecher Z549 53 — 15 1ff
FEW, ERHERET, B SHmRT N E
DU R 22 s IR W N TR A IR 8 1 R P 3

Koo PO R B AN SR BRI = AN F B 5(c)]s
T 0 1 A e PR o 2 0 2 R B 1 R AR S 0k
AN B RS2 Ul A B B[ 5(d)]

S b, WKL TS S 2218 5 B AR AT
NEYIFE K . Kondrat S5l i 431 2 7 5 Bt &
B, fEFRHIERET, 9K E T R TE E ] iR
USANCTPIT ESURIE R SR D e M IS <
17, LW o5 e b — BRI & TP AR, 7
£ R[E6(a)l. W BB IIRI i
FE” RPN FAESLN DS 2, A 1 4L
L B T AR IR [ 6(b)] X Fh e
FURKIN FUEZER N o SRS B T AE LN BT RS, 3
BOS HE R AR, 2L R A B AL 9K AL -8 5



\ S S, Yo Ny
1786 ik g 5 # AR 2026 55 15 %
10° 10°
Q
L /Qb

$ 10} ke
é = 4 \65& Super-slow regime
107 S F %
= 7 \
(€] A N

Exponential regime
10*2 |-
PR E T | Ll 1aaaul PR iiay 1 1
0.01 0.1 1 10 100 0 20 40 60
Time Time

Counterion adsorption

70 | o
2 L -~ o expoﬂe““a
o re-1o
5 saud™ g0
#* L | \inedl
s 60 40/
g S 20F
< o p
° 0 0.02
50 1 L 1 1
0 10 20 30 40
Time, t/ins

(c)

El5 (a) LARFLERFTRAVHARE P REIE KRR, (b) LHRFLIRTE i R ATIE R KR ;

(b)

Co-ion desorption

25
17 20 + K
5 %,
5 sl %%
£ O
o
o
@ 10 F=————__
= TE €Xponential
5 1 1 1
0 10 20 30 40

Time, t/ins

(d)
(c) T4mKFL

PRI IR R EFIRME =R, (d) THAKRFLHEFT B IERHE TR =M
Fig. 5 (a) Early-stage charge square-root growth mode in sub-nanopore charging®?; (b) Late-stage charge
exponential growth mode in sub-nanopore charging; (c) Three stages of counterion adsorption during sub-

nanopore charging™”;

PRRRAR b [ REAS BB UE™ . A T 4T W4k AL
MR R, HFFRN GBS IR S5
F1 25 R AN 5 T PR %« Kondrat 28499 i 17—
Pt 5 7 FLEE AR, 12 R RITE AN I P e B S 48 5 1
TR, MW R A RE AL, AAAAE
BT M AR, R RO T IR R
F=4: . Breitsprecher 25 I i 45 14 s 41 4 1 4%
70 HL I FE B R B SRR AT D, T SRELES T
AR BN, AR08 S 1 B ER H R SR LN BT
“WHHER” [K6(c)], ZpLIEE 5 TR SLI I 7T TR A5 2

0.53 nm
0.66 nm— — —-

©

£

©

S L

kS 160

C

8 140

[0}

Q.

5’120"

3
%1000’—__;——__4 _____ 6
Q

8 Time, t/ns

(a)

; (d) Three stages of co-ion desorption during sub-nanopore charging

UESE®, Mo S8 BEit 1 — RN 2MIWVIR, fLEES
LT AR A (0) BIK 2 Lk, BE% A
I 52 TH LN I8 T 5 HLr A7 fi . T TTdR 1
L IZE A S I ANGORSLY, 12 R RE 8 A
BTt NFLRRE SR, M5 AR R AR . A
I, BTN A B e SLEERE ALY, TR T
U DAIZE 25 38E G FA) L o o R AR IR PR R IR AR, K
BL T BB E TRt Ak o XA bk R A S AL )

REfS A OB AL B 71 “ibiER”, PR
TR,

£ 30

L\:D’- 20

<] puy v

v 10 ks=0.875VIns ——

= k=025Vins  ——

6 0 10 20 30 40

Time, t/ns

(c)

6 (a) AEIESPFLABEFER SEEREREIEK; (b) TEITFEFFILABTFIREY; (c) FEBENFTEML
Fig. 6 (a) Time evolution of fraction of ion filling inside pore during charging“®; (b) Snapshots of ions inside
pore during charging™”; (c) Charging curves under voltage scanning
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Fig. 7 (a) Charging time constant (7, left y-axis) and capacitance (C, right y-axis) of sub-nanopores as
functions of pore size®”; (b) Variation of ionic transport coefficient (AX) in sub-nanopores with pore size;

(c) Relationship between charging time constant of nanopores and pore size; (d) One-dimensional number
density profiles of ions in slit pores with different pore sizes under negative potential; (e) Snapshot of ions
inside pore and corresponding Voronoi tessellation. Red spheres indicate positions of cation imidazolium rings,
and blue lines represent Voronoi polygons constructed from perpendicular bisectors between neighboring
ions; (f) Structure factor based on trajectory statistics

ZUR BRI E L, LA R T R I TS A
HIgS 78I i ER AR AR, AR A e L
BEAR, S5 TS TS SEHE. Kk ABHE
& HsGDY JEjH ¢ L7 4 [ X0 /2 HL 7 KT AA HE
&, JFH A M2 AA HES I Sl B AR O AB HE
BB [RI, 1o R A R B A et 1S 2
B HE TR, R TR TR, RN
THFRIE R, R S I R4S S A 1 A

M. fE#EE— R, RAESE TR ML
BIBAM 2 LA EIE 0] LUK HsGDY H F: 31k %
BRFE, BENKIERT T 2 A A B R =T
M2 A AT . X S B A i R T AR A R )
FLBRIG AN A0 N 42 & = FE R Bt 1 e B 2 R A A
HP T 18R

Salanne B 8 1T 530 1 R FL T ik
YT A ™ (CDC-800. CDC-950. CDC-1200)



% 5 P IEE: 2 LA S v 25 25 e LB A St g 1789
= 20
%%*%% 24 E, =4 0.81 nm =& 1.57 nm -© 2.39 nm
BRI 1.2 £ 15t
**%**;ﬁ' &é‘ 24 0.81 nm 'E
Fggyght S 12 B 10f s
0.81nm e 1.57 nm e J—
X 00y °n oSl g
o
' R 1 2 2,39 nm E ool
Fraggigg A 0 5 10 15 = 300 325 350 375 400
1.57 nm 2.39 nm Time/ns Temperature/K
(a) (b) () Charge (e)
z 0 12.8e-16

0.00

10.08
0.04
-0.04

9.6e-16

— CDC-1200
— CDC-950

; ; 3.2e-16 :
R R, R R | Ry CDC-800
icz :|'c1 c&iczi 0 5 10 15

Time/ns

(d) (e) ®
E8 (a) SMMABTEFENSBEEBBHERBRPE—HFLENFEFLEE; (b) SHEBBIERBIRBREZRE
(Q) BEETIE; (c) INESFRSFMEFTN; (d) ETHRLYITERNBREBRRD FHHAFEMRES; (e) 3FhM
KEFLEARIER - RIE TR R B EREAE L ; (f) CDC-1200 EBARER I F AR RIRZIE RS R E-EEmE
RAFABRES FALE R
Fig. 8 (a) Atomic structure of quasi-1D pores in three c-MOF electrodes with different pore sizes"™;

(b) Evolution of charge density, Q, of MOF electrodes; (c) Temperature dependence of in-pore ionic
conductivity; (d) Molecular dynamics simulation snapshots of carbide-derived carbon (CDC)-based
supercapacitors™,; (e) Time evolution of average charge per carbon atom on positive electrodes of three
nanoporous carbon materials; (f) Charge distribution within a slice of CDC-1200 positive electrode at different
times during charging, together with snapshots of electrode and corresponding cation/anion configurations in
same cross-section
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Fig. 9 (a) Spatiotemporal evolution of counterion number density”; (b) Evolution of normalized ion content
during charging in Stern layer and diffusion layer; (c) Schematic of synergistic ion transport within mesopores;
(d) Cation-water radical distribution functions (left axis) and coordination number (right axis) in bulk,
mesoporous diffusion layer and Stern layer regions. First coordination number (CN,) and second coordination
number (CN,) represent first and second solvent shells of cation, respectively; (e) Pseudo-2D number density
distribution of water surrounding Na* in diffusion layer and Stern layer
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Fig. 10 (a) Snapshot of simulated system consisting of a hierarchical porous carbon electrode and a
2 mol/L KCI electrolyte™; (b) Solid-state nuclear magnetic resonance (NMR) spectrum of AHPC-Ca’ powder
soaked in 2 mol/L KCI aqueous solution: *K spectrum; (c) Solid-state nuclear magnetic resonance (NMR)
spectrum of AHPC-Ca' powder: *K spectrum; (d) Sources of ions adsorbed in micropore center;
(e) Schematic illustration of microscopic ion migration process in micropores after applying a voltage;
(f) Sources of ions adsorbed in hierarchical pore center; (g) Schematic illustration of microscopic ion migration
process in hierarchical pores after applying a voltage

AL LR AR IR AL A TR RE

N BE— P HESN 2 SLBRGE 2 B2 3% i REALEE TR
AT, KRR TAR R LU RAR PUASJ5 TR R «

(D AT LS 70 2 2 SLI 2 L R 4
fif RENLEE, o) W] 22 RUBE AL &5 H XF T ff REATLBE 1 52
Wi o AT AL VE TSR A e B XA KA
PUBRAT FAN 7 e gLk &, T T A LS 2 R 2 4L
FINLELBIE TS AN o BRI, ARSI 78 7 24 e it
BLRCR T ) 2 RO 1%, kR A e i 35 )
T B GPUNE 7> T3 12, d5&
T BN ARG B R B AR i f) R A A AL
o IR IREA LRSS, B XA R R R AL
X T AR RN J1 AT R L . ELIERY b, AT
IR 2 R SLIE P R fERENLEE, AN Bcit

TR — A EAT i D 2R 5708 S A B ) Se it
AT KL ik e o P 32 £t 21 221 B e 4K 9 A B 1t
JE

(2) MRHETSRIBARN L LM, Sl
T RS P IR PR FR B2 0 B . 471 2 L rR AR 1 B i
T7F 7E 25 2R FH B AR A (10 B 2 FL A 2w R Atk B U L A
B, IXGR BORA B TR R SR A R RENLEE, (EXE
USRS 22 FLI A B IR 2 T 30045 AWOWL 45 R A
DRI, ARORWIFTURT ASE & SS9 R AEBOR, /iy X5
ZRHH . PLEOLIE . AR, SRR 1. Bl
WA HRH, MR T SR RAL I 2 fLI T
RN, B IS I SRS RO AR AR A, AT DA —
ARSI DL = efLIE S5 55
ARSI B 1 S e ICRAT IS AL



SRALIAE: 2 FLBGH 2002 St RENL BRI 7C ik e

1793

(3) BRAHZEtERENL G2 Ak, FRARE A A
FENLHINS TR AR SR ML B AR L B OC B, AR
M TR ARG RN, G513 71 R,
JrAELZIE, S EH g AL A H . Rk
IR R A > T a1 S, BT K
RS 1 8 10 25 I LI e R0 72, RGBT R
BB TAEY . BTSN, Fln, vE67
TN ENKRE ST 5 T, 1815
F T Z0 i oK BRI B8 R 5 - 1) A 5 A B AL
BEMAMCKRE T8 1 4G B IR 254, DAAT
T T ER . QMMM J7 3 v] £ 2 ab 3
F AR R P T SRR I FIER, ©
TERR X KR R PR, ITELiE, HLER
SR BT FE AR BT 2 V2 R R R 1 (R B
ERRICT A, R EE R 2 ALiE R K A
RERIE TS BTN, AR &R
218 R P2 S 3 AR

(4 FINNLERZ S SHAR IS %, @24l
WA 5 2 AL 2 VR R Z (R RO R e BT
KEZFLHMREE R A, A FFLEE S BUE A R
By AP G856 S5 AR DL AR R FL4&5 R 3R 75 et
HAL B RE RO AR Tk, R, RORBEFE 45 A
TS A E SR, MR e B
— BV R4 ) 2 LIk g 0 - PR RE S B[R R
SEO R RRE S ST U7, ke S EE
KIEABEE . BEALARAR LA S Ao B $2 T e S Ao 945
WU R 25 )RR 1 0 A B MR RE I DR, g7 2 AL
BRI NS5 0 5 72 W FLAL 2= R 2 IR R R &R, IF
SEPT P B8 2 LR 2 P AR AR MR B PR T i
PERE T . SbAh, 36 RTIE RRE AR EE A BT
SHAP (B 55 J7 VR A B B Pl AR 1, 8 7n AS[R] &4
MZHC B R BSE S L], AT EE— 2D A
GRENLER MR . B2k, BB REEH 5 OLE
WEAR T &, KA BT8R I3 1) 2 Lk R
WA R, 2 FLIR AR R B B TR
PEER IR AR,

£ % Xk

(] PhEEEE, MBS, THNS, 45 . 0L A% BRI & T AT 78 i
JE[J]. AL TH R EL, 2024, 52(9): 13-17.
SUN H X, QI J L, YU K P, et al. Research progress of ionic
liquids  for

supercapacitor New Chemical

Materials, 2024, 52(9): 13-17.

electrolytes[J].

[2] ATTIA. P M, MOCH E, HERRING P K. Challenges and
opportunities for high-quality battery production at scale[J].
Nature Communications, 2025, 16: 611. DOI: 10.1038/s41467-
025-55861-7.

[3] ZHUANG L, CAI W B, JI H X, et al. Development trends and
priority research fields of electrochemical discipline in the 15th
five year plan period[J]. Journal of Electrochemistry, 2025, 31
(10): 2510081. DOI: 10.61558/2993-074x.3590.

[4] GE K K, SHAO H, LIN Z F, et al. Advanced characterization of
confined electrochemical interfaces in electrochemical capacitors
[J]. Nature Nanotechnology, 2025, 20(2): 196-208. DOI: 10.1038/
$41565-024-01821-z.

[5] NI M, ZHOU L, LIU Y C, et al. Advances in the synthesis and
applications
Chemistry, 2023, 11: 1205280. DOI: 10.3389/fchem. 2023.120
5280.

[6] HAN Z Y, FAN X K, ZHANG L X, et al. Regular mesoporous
nanosheets with mesoscopic high surface pore curvature and
accelerated ion-transport channels[J]. Matter, 2025, 8(7): DOI:
10.1016/j.matt.2025.102164.

[71 WU L, LI'Y, FU Z Y, et al. Hierarchically structured porous
materials: Synthesis strategies and applications in energy storage
[J]. National Science Review, 2020, 7(11): 1667-1701. DOI: 10.
1093/nsr/inwaa183.

[8] LIU Y, CHEN H, LI L. Applications and challenges of porous
carbon with different dimensions in supercapacitors—A mini
review[J]. Frontiers in Energy Research, 2022, 10: DOI: 10.3389/
fenrg.2022.951701

[9] KITTO D, KAMCEV J. Predicting the conductivity-selectivity
trade-off and upper bound in ion-exchange membranes[J]. ACS
Energy Letters, 2024, 9(4): 1346-1352.

[10]HABER S, LESKES M. What can we learn from solid state NMR
on the electrode - electrolyte interface?[J]. Advanced Materials,
2018, 30(41): DOI:10.1002/adma.201706496.

[11] CHAI'Y G, HU Z Q, JIAW S, et al. lon transport in porous carbon
electrode for supercapacitors probed by electrochemical quartz
crystal microbalance[J]. Electrochimica Acta, 2020, 356: 136780.
DOI: 10.1016/j.electacta.2020.136780.

[12]LIU X Z, ZHAO P C, LIU F F, et al. Attenuated total reflection

infrared spectroscopy for studying electrochemical cycling of

of porous carbon materials[J]. Frontiers in

hydrogen, carbon, and nitrogen-containing molecules[J]. Journal
of Energy Chemistry, 2024, 99: 495-511. DOI: 10.1016/j.jechem.
2024.08.008.

[13]ISLAM M T, FITZEK H, GOLLAS B, et al. A novel approach to
describe the electric double layer structure of water-in-salt
electrolytes in porous carbon electrodes[J]. Journal of Materials
Chemistry A, 2025, 13(16): 11767-11781.

[14]PREHAL C, WEINGARTH D, PERRE E, et al. Tracking the
structural arrangement of ions in carbon supercapacitor

nanopores using in situ small-angle X-ray scattering[J]. Energy &

Environmental Science, 2015, 8(6): 1725-1735.

[15]LIN X B, TEE S R, SEARLES D J, et al. Molecular insights on



1794 ik B8 B ¥ 5 R 2026 F5 15 %
optimizing nanoporous carbon-based supercapacitors with electrolyte organization in supercapacitor electrodes with solid-

various electrolytes[J]. Electrochimica Acta, 2024, 474: 143500.
DOI: 10.1016/j.electacta.2023.143500.

[16] CHMIOLA J, YUSHIN G, GOGOTSI Y, et al. Anomalous increase
in carbon capacitance at pore sizes less than 1 nanometer[J].
Science, 2006, 313(5794): 1760-1763. DOI: 10.1126/science. 11
32195.

[17] RAYMUNDO-PINERO E, KIERZEK K, MACHNIKOWSKI J, et al.
Relationship between the nanoporous texture of activated
carbons and their capacitance properties in different electrolytes
[J]. Carbon, 2006, 44(12): 2498-2507. DOI: 10.1016/j. carbon.
2006.05.022.

[18] YANG L, FISHBINE B H, MIGLIORI A, et al. Molecular simulation
of electric double-layer capacitors based on carbon nanotube
forests[J]. Journal of the American Chemical Society, 2009, 131
(34): 12373-12376.

[19] SHIM Y, KIM H J. Nanoporous carbon supercapacitors in an ionic
liquid: A computer simulation study[J]. ACS Nano, 2010, 4(4):
2345-2355.

[20] CHMIOLA J, LARGEOT C, TABERNA P L, et al. Desolvation of
ions in subnanometer pores and its effect on capacitance and
double-layer theory[J]. Angewandte Chemie International Edition,
2008, 47(18): 3392-3395. DOI: 10.1002/anie.200704894.

[21] KONDRAT S, KORNYSHEV A. Superionic state in double-layer
capacitors with nanoporous electrodes[J]. Journal of Physics:
Condensed Matter, 2011, 23(2): 022201. DOI: 10.1088/0953-
8984/23/2/022201.

[22] KONDRAT S, GEORGI N, FEDOROV M V, et al. A superionic
state in nano-porous double-layer capacitors: Insights from
Monte Carlo simulations[J]. Physical
Physics, 2011, 13(23): 11359-11366.

[23] FENG G, CUMMINGS P T. Supercapacitor capacitance exhibits
oscillatory behavior as a function of nanopore size[J]. The
Journal of Physical Chemistry Letters, 2011, 2(22): 2859-2864.

[24]WU P, HUANG J S, MEUNIER V, et al. Complex capacitance
scaling in ionic liquids-filled nanopores[J]. ACS Nano, 2011, 5
(11): 9044-9051.

[25] XING L D, VATAMANU J, BORODIN O, et al. On the atomistic
nature of capacitance enhancement generated by ionic liquid

Chemistry Chemical

electrolyte confined in subnanometer pores[J]. The Journal of
Physical Chemistry Letters, 2013, 4(1): 132-140. DOI: 10.1021/
jz301782f.

[26] JIANG D E, JIN Z H, WU J Z. Oscillation of capacitance inside
nanopores[J]. Nano Letters, 2011, 11(12): 5373-5377.

[27] JIANG D E, JIN Z H, HENDERSON D, et al. Solvent effect on the
pore-size dependence of an organic electrolyte supercapacitor[J].
The Journal of Physical Chemistry Letters, 2012, 3(13): 1727-
1731.

[28] LIAN C, JIANG D E, LIU H L, et al. A generic model for electric
double layers in porous electrodes[J]. The Journal of Physical
Chemistry C, 2016, 120(16): 8704-8710.

[29] DESCHAMPS M, GILBERT E, AZAIS P, et al. Exploring

state NMR[J]. Nature Materials, 2013, 12(4): 351-358. DOI: 10.
1038/nmat3567.

[30]LIU X Y, LU D X, MERLET C, et al. Structural disorder
determines capacitance in nanoporous carbons[J]. Science,
2024, 384(6693): 321-325. DOI: 10.1126/science.adn6242.

[31] VATAMANU J, VATAMANU M, BEDROV D. Non-faradaic energy
storage by room temperature ionic liquids in nanoporous
electrodes[J]. ACS Nano, 2015, 9(6): 5999-6017.

[32] MERLET C, PEAN C, ROTENBERG B, et al. Highly confined
jons store charge more efficiently in supercapacitors[J]. Nature
Communications, 2013, 4: 2701. DOI: 10.1038/ncomms3701.

[33] XING L D, VATAMANU J, SMITH G D, et al. Nanopatterning of
electrode surfaces as a potential route to improve the energy
density of electric double-layer capacitors: Insight from molecular
simulations[J]. The Journal of Physical Chemistry Letters, 2012, 3
(9): 1124-1129.

[34] VATAMANU J, CAO L L, BORODIN O, et al. On the influence of
surface topography on the electric double layer structure and
differential capacitance of graphite/ionic liquid interfaces[J]. The
Journal of Physical Chemistry Letters, 2011, 2(17): 2267-2272.

[35] BEDROV D, VATAMANU J, HU Z Z. lonic liquids at charged
surfaces: Insight from molecular simulations[J]. Journal of Non-
Crystalline Solids, 2015, 407: 339-348. DOI: 10.1016/j.jnoncrysol.
2014.08.007.

[36] MERLET C, ROTENBERG B, MADDEN P A, et al. On the
molecular origin of supercapacitance in nanoporous carbon
electrodes[J]. Nature Materials, 2012, 11(4): 306-310. DOI: 10.
1038/nmat3260.

[37]PENG J X, WU T Z, ZENG L, et al. Realistic atomic model for
charge storage and charging dynamics of amorphous porous
carbons[J]. Nature Communications, 2026, 17: 2425. DOI: 10.
1038/s41467-026-69231-4.

[38]KILIC M S, BAZANT M Z, AJDARI A. Steric effects in the
dynamics of electrolytes at large applied voltages. Il. Modified
Poisson-Nernst-Planck equations[J]. Physical Review E, 2007, 75
(2): 021503. DOI: 10.1103/physreve.75.021503.

[39] JIANG J, CAO D P, JIANG D E, et al. Time-dependent density
functional theory for ion diffusion in electrochemical systems[J].
Journal of Physics: Condensed Matter, 2014, 26(28): 284102.
DOI: 10.1088/0953-8984/26/28/284102.

[40] TIVONY R, SAFRAN S, PINCUS P, et al. Charging dynamics of
an individual nanopore[J]. Nature Communications, 2018, 9:
4203. DOI: 10.1038/s41467-018-06364-1.

[41]BAZANT M Z, THORNTON K, AJDARI A. Diffuse-charge
dynamics in electrochemical systems[J]. Physical Review E,
Statistical, Nonlinear, and Soft Matter Physics, 2004, 70(2 Pt 1):
021506. DOI: 10.1103/PhysRevE.70.0215086.

[42]1BI S, KNIJFF L, LIAN X L, et al. Modeling of nanomaterials for
supercapacitors: Beyond carbon electrodes[J]. ACS Nano, 2024,
18(31): 19931-19949.

[43] SALANNE M, BURIAK J M, CHEN X D, et al. Best practices for



% 5

SRALIAE: 2 FLBGH 2002 St RENL BRI 7C ik e

1795

simulations and calculations of nanomaterials for energy
applications: Avoiding "garbage In, garbage out"[J]. ACS Nano,
2023, 17(7): 6147-6149. DOI: 10.1021/acsnano.3c02368.

[441ZHU B Z, ZHOU J G, JIA Y K, et al. Super-slow charging
dynamics of water-in-salt electrolytes in subnanopore[J]. Energy
Materials, 2026, 6(1): 600001. DOI: 10.20517/energymater.2025.151.

[45] CHABAN V V, PREZHDO O V. Nanoscale carbon greatly
enhances mobility of a highly viscous ionic liquid[J]. ACS Nano,
2014, 8(8): 8190-8197. DOI: 10.1021/nn502475j.

[46] KONDRAT S, WU P, QIAO R, et al. Accelerating charging
dynamics in subnanometre pores[J]. Nature Materials, 2014, 13
(4): 387-393. DOI: 10.1038/nmat3916.

[471HE Y D, QIAO R, VATAMANU J, et al. Importance of ion packing
on the dynamics of ionic liquids during micropore charging[J].
The Journal of Physical Chemistry Letters, 2016, 7(1): 36-42.

[48] PEAN C, DAFFOS B, ROTENBERG B, et al. Confinement,
desolvation, and electrosorption effects on the diffusion of ions in
nanoporous carbon electrodes[J]. Journal of the American
Chemical Society, 2015, 137(39): 12627-12632.

[49] BREITSPRECHER K, HOLM C, KONDRAT S. Charge me slowly,
I Am in a hurry: Optimizing charge-discharge cycles in
nanoporous supercapacitors[J]. ACS Nano, 2018, 12(10): 9733-
9741.

[50] LEE A A, KONDRAT S, OSHANIN G, et al. Charging dynamics of
supercapacitors  with cylindrical nanopores[J].
Nanotechnology, 2014, 25(31): 315401. DOI: 10.1088/0957-4484/
25/31/315401.

[51] BREITSPRECHER K, JANSSEN M, SRIMUK P, et al. How to
speed up ion transport in nanopores[J]. Nature Communications,
2020, 11: 6085. DOI: 10.1038/s41467-020-19903-6.

[52]MO T M, PENG J X, DAl W L, et al. Horn-like pore entrance
boosts charging dynamics and charge storage of nanoporous
supercapacitors[J]. ACS Nano, 2023, 17(15): 14974-14980.

[53]1BI S, LI Z H, XIAO D W, et al. Pore-size-dependent capacitance
and charging dynamics of nanoporous carbons in aqueous
electrolytes[J]. The Journal of Physical Chemistry C, 2022, 126
(15): 6854-6862.

[54]LIU Y F, MERLET C, SMIT B. Carbons with regular pore
geometry yield fundamental insights into supercapacitor charge
storage[J]. ACS Central Science, 2019, 5(11): 1813-1823.

[55] PEAN C, MERLET C, ROTENBERG B, et al. On the dynamics of
charging in nanoporous carbon-based supercapacitors[J]. ACS
Nano, 2014, 8(2): 1576-1583.

[56]MO T M, BI S, ZHANG Y, et al. lon structure transition enhances
charging dynamics in subnanometer pores[J]. ACS Nano, 2020,
14(2): 2395-2403.

[57]MO T M, ZHOU J G, HE HYY, et al. Oscillation charging dynamics
in nanopore supercapacitors with organic electrolyte[J]. ACS
Applied Materials & Interfaces, 2023, 15(44): 51274-51280.

[58] KRESS T, LIU X Y, FORSE A C. Pore network tortuosity controls
fast charging in supercapacitors[J]. Nature Materials, 2026, 25
(3): 440-446. DOI: 10.1038/s41563-025-02404-6.

narrow

[59]1BI S, BANDA H, CHEN M, et al. Molecular understanding of
charge storage and charging dynamics in supercapacitors with
MOF electrodes and ionic liquid electrolytes[J]. Nature Materials,
2020, 19(5): 552-558. DOI: 10.1038/s41563-019-0598-7.

[60]MO T M, WANG Z X, ZENG L, et al. Energy storage mechanism
in supercapacitors with porous graphdiynes: Effects of pore
topology and electrode metallicity[J]. Advanced Materials, 2023,
35(33): 2301118. DOI: 10.1002/adma.202301118.

[611SYUGAEV A V, YAZOVSKIKH K A, MARATKANOVA A N.
Electrochemical impedance of nitrogen-doped carbon with
tunable mesoporous structure[J]. Electrochimica Acta, 2025, 535:
146570. DOI: 10.1016/j.electacta.2025.146570.

[62] GOGOTSI Y, NIKITIN A, YE H H, et al. Nanoporous carbide-
derived carbon with tunable pore size[J]. Nature Materials, 2003,
2(9): 591-594. DOI: 10.1038/nmat957.

[63]PENG Z G, HE Y'Y, LI N, et al. Snowflake pores enhance energy
storage in hcb-COF supercapacitors: Molecular dynamics
insights into shape-dependent charging[J]. Journal of Molecular
Liquids, 2025, 430: 127764. DOI: 10.1016/j.molliq.2025.127764.

[64] PENG Z G, LI N, HE Y'Y, et al. Investigation of knot-linker effects
on charge storage in triangular COF supercapacitors: A
molecular dynamics investigation[J]. Journal of Energy Storage,
2025, 131: 117484. DOI: 10.1016/j.est.2025.117484.

[65] WAYSENSON Z, FRANCE-LANORD A, SERVA A, et al
Electrode flexibility enhances electrolyte dynamics during
supercapacitor charging[J]. ACS Nano, 2025, 19(32): 29462-
29469.

[66] DVOYASHKIN M, LEISTENSCHNEIDER D, EVANS J D, et al.
Revealing the impact of hierarchical pore organization in
supercapacitor electrodes by coupling ionic dynamics at micro-
and macroscales[J]. Advanced Energy Materials, 2021, 11(24):
2100700. DOI: 10.1002/aenm.202100700.

[67]LI W, LIU J, ZHAO D Y. Mesoporous materials for energy
conversion and storage devices[J]. Nature Reviews Materials,
2016, 1: 16023. DOI: 10.1038/natrevmats.2016.23.

[68] TAO S S, JIANG D L. Accelerating anhydrous proton transport in
covalent organic frameworks: Pore chemistry and its impacts[J].

Edition, 2024, 63(33):
€202408296. DOI: 10.1002/anie.202408296.

[69] FORSE A C, GRIFFIN J M, MERLET C, et al. Direct observation
of ion dynamics in supercapacitor electrodes using in situ
diffusion NMR spectroscopy[J]. Nature Energy, 2017, 2: 16216.
DOI: 10.1038/nenergy.2016.216.

[70]LIANG C L, FU J L, TANG S D, et al. Unlocking fast charging of

Angewandte Chemie International

supercapacitors: A job-sharing mechanism for ion transport and
storage[J]. Energy Storage Materials, 2025, 83: 104685. DOI:
10.1016/j.ensm.2025.104685.

[711LIU T Y, ZHANG F, SONG Y, et al. Revitalizing carbon
supercapacitor electrodes with hierarchical porous structures[J].
Journal of Materials Chemistry A, 2017, 5(34): 17705-17733.

[721BU Y F, SUN T, CAl Y J, et al. Compressing carbon nanocages

by capillarity for optimizing porous structures toward ultrahigh-



1796 & fE

Bo% 5 R

2026 #5515 %

volumetric-performance supercapacitors[J]. Advanced Materials,
2017, 29(24): 1700470. DOI: 10.1002/adma.201700470.

[731BORCHARDT L, LEISTENSCHNEIDER D, HAASE J, et al
Revising the concept of pore hierarchy for ionic transport in
carbon materials for supercapacitors[J]. Advanced Energy
Materials, 2018, 8(24): 1800892. DOI: 10.1002/aenm.201800892.

[74]DU J, MO T M, LI Y'Y, et al. Prefilled and concerted ion transport
mechanism in hierarchical porous carbons for ultra-fast energy
storage[J]. ACS Nano, 2025, 19(24): 22217-22227.

[751YANG P Y, JU S P, HSIEH H S, et al. Electrolytic molecule in-
pore structure and capacitance of supercapacitors with
nanoporous carbon electrodes: A coarse-grained molecular
dynamics study[J]. Computational Materials Science, 2019, 166:
293-302. DOI: 10.1016/j.commatsci.2019.05.010.

[76] ABRAHAM M J, MURTOLA T, SCHULZ R, et al. GROMACS:
High performance molecular simulations through multi-level
parallelism from laptops to supercomputers[J]. SoftwareX, 2015,
1/2: 19-25. DOI: 10.1016/j.s0ftx.2015.06.001.

[771QIAN S M, CHENG E, KAKARELIDIS O, et al. Multiscale
modelling of supercapacitors with hierarchical structure[J].
Journal of Power Sources, 2026, 665: 238956. DOI: 10.1016/j.
jpowsour.2025.238956.

[78]WU Q S, MCDOWELL M T, QI Y. Effect of the electric double
layer (EDL) in multicomponent electrolyte reduction and solid
electrolyte interphase (SEl) formation in lithium batteries[J].
Journal of the American Chemical Society, 2023, 145(4): 2473-
2484. DOI: 10.1021/jacs.2c11807.

[79]LIN H, TRUHLAR D G. QM/MM: What have we learned, where
are we, and where do we go from here? [J]. Theoretical
Chemistry Accounts, 2007, 117(2): 185-199. DOI: 10.1007/

s00214-006-0143-z.

[80] DEEBANSOK S, DENG J, LE CALVEZ E, et al. Capacitive
tendency concept alongside supervised machine-learning toward
classifying  electrochemical  behavior of battery and
pseudocapacitor materials[J]. Nature Communications, 2024, 15:
1133. DOI: 10.1038/s41467-024-45394-w.

[81] JABLONKA K M, ONGARI D, MOOSAVI S M, et al. Big-data
science in porous materials: Materials genomics and machine
learning[J]. Chemical Reviews, 2020, 120(16): 8066-8129.

[82]ZHU S, LI J J, MA LYY, et al. Artificial neural network enabled
capacitance prediction for carbon-based supercapacitors[J].
Materials Letters, 2018, 233: 294-297. DOI: 10.1016/j. matlet.
2018.09.028.

[83]ZHOU M S, VASSALLO A, WU J Z. Data-driven approach to
understanding the in-operando performance of heteroatom-
doped carbon electrodes[J]. ACS Applied Energy Materials,
2020, 3(6): 5993-6000.

[B4]WANG Z X, WU T Z, ZENG L, et al. Machine learning
relationships structures and

between nanoporous

electrochemical performance in MOF supercapacitors[J].
Advanced Materials, 2025, 37(15): 2500943. DOI: 10.1002/
adma.202500943.

[85] SAAD A G, EMAD-ELDEEN A, TAWFIK W Z, et al. Data-driven
machine learning approach for predicting the capacitance of
graphene-based supercapacitor electrodes[J]. Journal of Energy
Storage, 2022, 55: 105411. DOI: 10.1016/j.est.2022.105411.

[86]SU H P, LIN S, DENG S W, et al. Predicting the capacitance of
carbon-based electric double layer capacitors by machine
learning[J]. Nanoscale Advances, 2019, 1(6): 2162-2166.



