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High rate pseudocapacitive materials toward sodium-ion
capacitors
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Abstract: Pseudocapacitive sodium ion storage materials, characterized by their combined
high specific capacity and superior rate capability, are of significant value for the realization of
sodium-ion capacitors with both high power and high energy density. This review
systematically summarizes the charge storage mechanisms, electrochemical performance,
and kinetic characteristics of pseudocapacitive materials, and provides an overview of the
research progress in sodium-ion capacitors assembled using pseudocapacitive materials. The
discussion primarily focuses on the structure-activity relationships between sodium ion
storage mechanisms, structural regulation, and electrochemical performance intypical
pseudocapacitive materials such as titanium-based, vanadium-based, and manganese-based.
By deepening the understanding of the "sodium ion storage mechanism-performance
synergy" in pseudocapacitive materials, this review innovatively proposes an advanced hybrid
device design that couples high capacity battery-type positive electrodes with high-rate
pseudocapacitive negative electrodes, thereby promoting the achievement of high energy
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density at high power densities and long cycle life in sodium-ion capacitors. Finally, an outlook
on the future industrialization of high-performance sodium-ion capacitors is presented,
targeting the demands of high-power application scenarios.
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Fig. 2 Schematic illustration of (a) battery-type intercalation; (b) surface redox pseudocapacitance; and
(c) intercalation pseudocapacitance®; (d) CV curves of battery-type Na,V,(PO,),; (e) Linear fitting of the peak
current (i) vs. square root of sweep rate (v'?); (f) CV curves of surface redox pseudocapacitance in anatase
titanium dioxide®; (g) Profiles of log (peak current) vs. log(sweep rate) to determine b-value of anodic and
cathodic peaks™; (h) CV curves of intercalation pseudocapacitance in iron vanadate; (i) Profiles of log(peak
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Table 1 Specific capacity, initial coulombic efficiency (ICE) , rate performance and cycling stability of
titanium-based, vanadium-based and manganese-based materials for sodium-ion storage
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Fig. 4 (a) Structure-activity relationship model among particle size, sodium storage specific capacity and
reaction thickness of TiO, nanoparticles (NPs). Specific capacity of entire TiO, particle depends on proportion of
reaction thickness (h) to total spherical diameter (D); (b) Measured reversible specific capacity of different-sized

TiO, fit well with reaction thickness of 3—5 nm, which is consistent with experimental observations; (c) CV
curves of TiO, NPs at sweep rate of 1.0 mV/s™; High-Angle Annular Dark-Field-Scanning Transmission Electron
Microscopy (HAADF-STEM) images and inset Fast Fourier Transformation (FFT) patterns of (d) pristine anatase;

(e) after 1 cycle; and (f) after 20 cycles, respectively; (g) Schematic of sodium-ion storage mechanism of
anatase TiO,(A): electrochemically driven c-a'-RS transformation and solid-solution reaction of in situ formed
RS-NaTiO, nanograins during cycling with Na*®!
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Fig. 5 (a) CV curves of rutile TiO,(R)-10 nm at 0.2 mV/s during initial 30 cycles for Na’ storage; (b) Ex situ XRD
patterns of TiO,(R)-10 nm anodes after various electrochemical cycles; (c) Ex situ XRD patterns of formed RS-
NaTiO, [TiO,(R) anodes after 30 cycles] at different potentials. High resolution-transmission electron
microscopy (HR-TEM) image of TiO,(R)-10 nm (d) after 3 cycles and (e) after 30 cycles; (f) HAADF-STEM image
and fast Fourier transform images (FFT) (the inset) of TiO,(R)-10 nm after 30 cycles®™; (g) Ex situ XRD patterns
of TiO,(B) nanosheets (NSs) at different states; (h) d,,, variation at different states; (i) CV curves of TiO,(B) NSs
at sweep rate of 1.0 mV/s""
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Fig. 6 (a) Le Bail refinement of synchrotron PXRD for DRS-NVO; (b) Voltage profile of DRS-NVO cycled at a low
rate of 0.02 A/g; (c) Experimental V L-edge X-ray Absorption Near-Edge Spectroscopy (XANES) spectra at
different states of (dis)charge, with V oxides of varying oxidation states measured as references®; (d) CV

curves at 0.2 mV/s and (e) calculated capacitive and

diffusion-controlled contributions of FeV,0,,-1.7H,0,

FeV,0,,-1.1H,0, and FeV,0,,-0.4H,0 samples; (f) CV curves and mass changes vs potential curves of FeV,0, -
1.7H,0 electrode®”; (g) Charge-discharge curves of FeVO UNSs anode cycled at 0.1 A/g in 0.8—3.4 V;
(h) Separation of capacitive contribution (shaded area) of FeVO UNSs at a sweep rate of 0.2 mV/s; (i) Charge-
discharge profiles of FeVO UNSs at different specific currents®
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Fig. 7 (a) Galvanostatic charge discharge (GCD) curves and corresponding ex situ XRD patterns of Na, ,MnO,-
0.53H,0 electrode for Na* storage; (b) d,,, of Na, ,Mn0O,-0.53H,0 electrode at different (dis)charging states
calculated with ex situ XRD; (c) CV curve and mass change vs. potential curves of Na,,Mn0O,-0.53H,0 electrode;
(d) Charge and discharge curves at different current densities of Na, ,Mn0O,-0.53H,0; (e) Calculated capacitive
contribution of Na,,Mn0O,-0.53H,0 at sweep rate of 1.0 mV/s"*
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Fig. 8 (a) Schematic of a sodium-ion capacitor composed of a battery-type negative electrode and a double-
layer capacitive positive electrode; (b) Schematic of a sodium-ion capacitor composed of double-layer
capacitive negative electrode and battery-type positive electrode; (c) Schematic of a sodium-ion capacitor

composed of double-layer capacitive negative electrode

and battery-type positive electrode and (d) its related

charge-discharge curve; (e) Schematic of a sodium-ion capacitor composed of battery-type negative electrode
and pseudocapacitive positive electrode and (f) its related charge-discharge curve; (g) Schematic of a sodium-
ion capacitor composed of pseudo-capacitive negative electrode and battery-type positive and (h) its related
charge-discharge curve

TEIEMRRI, HLAR R B 2 T 1) SR 7 1l e o
AR TR BT IER P AT, Wil
T BT HEAT TN AR 57— B8 132 L
BRI AU 8(b)],  FH HE LY IE AR X FE 2 FEL 2 S A
o TEFRHILFRF, TERMAE R AN ES T H R
B AR GARRITHATR, 5 “fERa” fibrx
AL, fH R R TR S M AR A 1 s L e
TEAR AT 2 7% R A AR SR ST (solid electrolyte
interface, SED [ SHUHLE RECRURAL. AREM

TEIAEREZES,

ER PR CA MR GER AT TR A
GREn, R RIERX PRSI . 35
EIR IR A A AL SRR AR, s AR
M e LU 25 58 1R JOR P 7R A B AR B I L
XU JZ F A PR AR, A4 IR 7 2R bl 1] XX
L2 LAY IEAR [ 8(c) (d)]s Ft Y Ak ] % L 2%
RUIERR[IE 8(e) ()]s A AL Gtk (| i 2 I AR [
8(g) (M), WHZBERTHESHNE THASNES



1808 5 BE B ¥ 5 B K 2026 £ 15 %
PERE TEFaE v, JT 0b 0O 5 I % 1 B T 2H 25 Fr A
31 EBRRBAR || NWEEESBERAEARE B HRSHASED L EIA 164 Whikg 1) fit 855 F

NEFHRASR

TEAL ST B i R Sl [ 00 FE 2 H 25 7R TE A A R
St b, A R P 2 2 R A P v B AR D S
RS 78 73 R S LA SR = A 2R P 5 0 =
2520 T W 1 R T SR T TR B B AL AR DTS . S Ah
Jo FEL 2% e N 3 T SR R B R i g L A o, R
RIHE G E T AR MR E% R 8(c). fEx
RIS FE A, B 7 AR R T T ISt B T R R
2 AR RS T IAE 576 R A= PR ) 2 T AU JiR s
N, SEIT Thess L Rl i B 1A AP 8(d)].
IR 22 $00t 5t 3 22 R S 0% 25 2R 4 s S A )
AMETF, B3 V,0,. T-Nb,O,. TiO,zrs % 5,
P % L 25 8 20K V, 0, 99 K 28 7 W% 455 97 1k o I AR VT
(VR BN B TR A P 2% T $2 41 40 Whkg 1 RE &=
BIE R NS IR AR S A o R R T B A
) B, DUND,O 4 K B4 KAEmAT (carbon
cloth, CC) Ll 1%EIf Nb,O,@CC i i) UL L ik
PR IR TE AR 2H 2% 1) B 1 FEL S 4R 1E 7328 Wikg it =1 )
REE T OSBRI iR R = T 5
459 NI EAT 28 Wh/kg IRE R % (& T 1E 6k
TV RS A, JF HSREl T 5000 R I fa
SENEH. I B Al AL 5 725 TiO, Sk AR 22,
FHH F TS0 i TR PR 78 S B 1) THO, il 5 0 HL 2
RUVE M IE AR ZH 2% B A BN B T LA AR, TN1L
J 1 TiO, B 55 175 14 2R TE AR S T 0 57 (1) 3y 77 24T
fid, presodiated-TiO, || AC 445 F Hi %5 %% LA 8 7
PR S BORRE ), 5B T A SRAHAL N E T
s, presodiated-TiO, || AC 41 7 HL & %
B BERTIRE R E (80 Whikg) (3 T k)
HIEMR PSSR RN R R MThR%
[, £42 kWkgBEmIFREL T (T HAkSIE
WEEY R R ENITEER) MAES
50 Whikg FIRE R 2 FE . BbAh, % TN AL 55 ms ] i
KBV F, 421 presodiated-TiO, || AC 44
BTHEARRKOEINBRFNEAR R,
2 mA/cm® T § ¥1 10000 [ 5 75 & R 75 208 72%.
T 3L BT 45 44 T BT DLTE TiO, MAkH H 51N i Ak ik
K, &R BIMILEFB B TIO, (Co,Ti,,0,)
FILH L O R B A B AN SN )1 2, R MR AR A

CBE T OB i PR o o B F) T SR 45 R A 15000 el
a3 5 A R R R N 83%,
3.2 mMBIGR | BESRERMNESENET

AR
B X R A AR A LU RIS, 1120 T

TRA NS R AR VAR RE BT . A7H o gy
R R EAR S 0 2 A B IERR [ 8(e)],
Bt~ DRABBARILEESRREEE . F
w, AR B PLARIR B O o8 BE W fE P e
IR T (<10 min) $E4L#E T 150 mAh/g i L
[ 8(F]e 5 TR N 2 FELZS S B (1 L Rk
TE AR RE 5 X 2 B P R M ORL2E i A TE AR
(FeVO,,-AC,,) L& tEaeit —biest, HE
SR AR GG MR IEARER T 2 £, R LA R
FH1.56%, ARERRI T 35, HyLREkER
Seh A MR (MCMB) 114 2H 3% () MCMB ||
FeVO,,-AC,, fN & T ML 75 4 B A L 57 I £ e PR e Fl
TEFRREEYE, 7520 mA/cm? FE#E 10000 X 5 2 &
7 RiE72%. MCMB || FeVO,,-AC,, 54 & - B %%
WEA e E%E (108 Whikg), J7£ 8.3 kW/kg
R E N A 15.3 Whikg (MRER S (1
N T O 5 IE A% TS M R & T
gEHL) BN,
33 ERFBAR | EEBEERMNEESENEST

RN

BT X Z A G (| ARt 2 TE B AL B
BT A A ) B E AR O A R N 1
TR, EFATM MO TN LA EE, KR B PR 2 1
HliE TR 2 BE T2, shah, T A%
BCE AR UM, R R R AR B R AR R TR
MBS RAG, FIAESSAF RS N ORFF R E % 4. NS
RYFVZHIBLRIRS, R R R s 1R L B
LA &, S SLBLaR M T AE f H R B 5 25 T R 3L
B TH[E 8(g). (h)]. FeV,,0,, (OH) ,-9H,0 % F
NSO ATL A ik B P 6(g)]°®, DT e 4R ol BR AL B/
G E 4 IEW[Na, (VO) , (PO,) F/IrGO]#yz: H!
B R AR R - VR A TN B P A RS . 1A
ST BTSN AR T2, B mRe
B SR EEARKES S oSt



K

5% 5 MBS R0 R R AR S N T R A

0

1809

4 REHFRD

ASCRNIAGYEGS T w5 5 0 AR A it
ML R i PERE B 2 T e A 88 I T TT ke
JOR LA il AR S A A (T LT A7 LA, R
fEmfE R T RFF AR, ARV T A
SRR R, AR K SETT LT =4 1 BT
R — 2 NENT AT AR . 9K R RN 5
WL AL A RE 22 TRV AR 28R F R ik — 20 R =
MORMEAL; R ESLSEHI AL T i, T ACER T
JF R AR R 3 S i T B SR T T
XUE BEAR A RE 77 AR L rEA 45 4 LS v 7R 5
ERE BRI = RAeSMFHRZRE, k8RR
(R AR S R R Sy S Sl TR e S S S VS A
BRGSO, T R M R S A
Mk mAERS . TRBSMITINLHE T 207
T (R AR I 4o

BTE 2, KENE T AR O R 2
ANPERE B L . ThAR o AR A dr AT T
T KA BRI BRAS S W RFSE . R 7 H
war R SRR LRI AR SRR, T
LRPRHE SHLEIRALEY BL BB B RS E T
FMVALRE o D 1 SR SIS0 = AT 0 8 Tl
REENEFAR, WL TR RET A, 2 o)
Bre BERRCRSEHAMIE R, AR, R THE
A 1 BETE A 7 25 22 R E AN RV AT 0 A 28 il
&, Bllnplas>] . KRGzl B E B TR
ARG BRI RGMEERSE TRL
PR, M “HETIN . Rl E RIS HLEIGE
RGO — LR R F e, SRR AR E
823755 R R AL B T R SRR 3

ARRINES T R A& BT FU T AR J7 T Je -

(1D HLasA IR BT o Rl SER R
MK 55— PRI B A S R AT b, SR
FHROGBEAFAE, I PERETIINAA: A KRS
BRI, FNARL I AN L B R
CRCER . R A RE SRR R, 2T
AN RILE R B MR rp DR 57 i 9 1 4L 5
g /NS IR UE VI R, I i 1 RE B AR (RS HE T
WSRO R ZE, IEGR) Wl B B
ARt P e,

(2) TREAePRAR. BE 7 AL s e Mk AL L
W B TRk S Ay 2 5 k. 2
SLEETREME HLERERE. RE. WRIZE TR
FRARAL . H AT T A SRR = G — 1 A v
ST, TREMEL R ES 5 AT hbr i
5 EZARAERIHE, WIS R PERENRK
Jiihs BAER. emMiesE, HEEIFEE
RN ARRAEN S TS A R

(3) RGEMEGHRET . Al iREMEZ T
MIPLES, B 1 HL A Xk LATE J0SE 00 R Se B ot
KApdn. . RsARSE TRMME. @idd—P
SEIUHRE R TT— AL BT, IRTHERE R SRR
WA SRR E . HEEE RGN EEAT,
DL K5 71 80 28 G (IR P B ) SE TR A A 1) B e L
AHRIT 780 KA EAE S A TOU T ITERETE /T

£ £ Xk

[11 ALE L, ZHANG N, KING S A, et al. Empowering generative Al
through mobile edge computing[J]. Nature Reviews Electrical
Engineering, 2024, 1(7): 478-486. DOI: 10.1038/s44287-024-
00053-6.

[2] YU Q, ZHAO P J, LI J X, et al. China's urban EV ultra-fast
charging distorts regulated price signals and elevates risk to grid
stability[J]. Nature Communications, 2025, 16: 8451. DOI:
10.1038/s41467-025-63199-3.

[3] LEMONICK S. Can new chemistry make EVs that charge in 5
min or less?[J]. ACS Central Science, 2025, 11(5): 645-648.

[4] LI'Y Z, DING Y Z, HE S Y, et al. Artificial intelligence-based
methods for renewable power system operation[J]. Nature
Reviews Electrical Engineering, 2024, 1(3): 163-179. DOI: 10.
1038/s44287-024-00018-9.

[6] 2k, sk, BAMAE R IE, FRGATIE R R —— 6 1 R0
H 14 (2016—2025) & 45 fil JE B [J]. i AE Rl 5 HR, 2022, 11(9):
2691-2701.

LI H, ZHANG Q. A review of energy storage science and
technology projects supported by national key R & D program[J].
Energy Storage Science and Technology, 2022, 11(9): 2691-2701.

[6] LIU H, ZHAO L Y, YE Y S, et al. Extremely fast-charging
batteries: Principle, strategies, detection, and prediction[J].
Chemical Reviews, 2025, 125(20): 9553-9678. DOI: 10.1021/acs.
chemrev.5c00203.

[71 ZHANG W K, YANG X G, WANG C Y. Thermal-materials synergy
for fast-charging lithium-ion batteries[J]. ACS Energy Letters,
2025, 10(10): 4995-5002.

[8] LI'Y Q, VASILEIADIS A, ZHOU Q, et al. Origin of fast charging in
hard carbon anodes|[J]. Nature Energy, 2024, 9(2): 134-142. DOI:
10.1038/s41560-023-01414-5.

[9]1 LIUY Y, ZHU Y Y, CUI Y. Challenges and opportunities towards



1810 & fE

Bo% 5 R

2026 #5515 %

fast-charging battery materials[J]. Nature Energy, 2019, 4(7): 540-
550. DOI: 10.1038/s41560-019-0405-3.

[10] SUN Y, ZUO C J, WANG H W, et al. Designing safe and long-life
lithium-ion batteries via a solvent-relay strategy[J].
Energy, 2025, 10(12): 1450-1457. DOIl: 10.1038/s41560-025-
01888-5.

[11] TR, TRIBEPE, PNELAR, 55 . i ilb-B 2 LA 2R & it e R wF it

JE[J]. 6k BE Rl 22 5 H R, 2022, 11(1): 98-106. DOI: 10.19799/j.
cnki.2095-4239.2021.0229.
QIAO L B, ZHANG X H, SUN X Z, et al. Advances in battery-
supercapacitor hybrid energy storage system[J]. Energy Storage
Science and Technology, 2022, 11(1): 98-106. DOI: 10.19799/j.
cnki.2095-4239.2021.0229.

[12] SIMON P, GOGOTSI
capacitors and related devices[J]. Nature Materials, 2020, 19(11):
1151-1163. DOI: 10.1038/s41563-020-0747-z.

[13] 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/
s41565-024-01821-z.

[14]HU T Z, LI J, WANG Y Z, et al. Coupling between cathode and
anode in hybrid charge storage[J]. Joule, 2023, 7(6): 1176-1205.
DOI: 10.1016/j.joule.2023.05.021.

[15] JEZOWSKI P, CROSNIER O, DEUNF E, et al. Safe and
recyclable lithium-ion capacitors using sacrificial organic lithium
salt[J]. Nature Materials, 2018, 17(2): 167-173. DOI: 10.1038/
nmat5029.

[16]JIN L M, SHEN C, SHELLIKERI A, et al. Progress and
perspectives on pre-lithiation

Nature

Y. Perspectives for electrochemical

technologies for lithium ion
capacitors[J]. Energy & Environmental Science, 2020, 13(8):
2341-2362.

[171USISKIN R, LU Y X, POPOVIC J, et al. Fundamentals, status
and promise of sodium-based batteries[J]. Nature Reviews
Materials, 2021, 6(11): 1020-1035. DOI: 10.1038/s41578-021-
00324-w.

[18]CHENG F Y, HU J, ZHANG W, et al. Reviving ether-based
electrolytes for sodium-ion batteries[J]. Energy & Environmental
Science, 2025, 18(14): 6874-6898.

[19]1 DING J, HU W B, PAEK E, et al. Review of hybrid ion capacitors:
From aqueous to lithium to sodium[J]. Chemical Reviews, 2018,
118(14): 6457-6498. DOI: 10.1021/acs.chemrev.8b00116.

[20] SALANNE M, ROTENBERG B, NAOI K, et al. Efficient storage
mechanisms for building better supercapacitors[J]. Nature
Energy, 2016, 1: 16070. DOI: 10.1038/nenergy.2016.70.

[21]WEI Q L, DEBLOCK R H, BUTTS D M, et al. Pseudocapacitive
vanadium-based materials toward high-rate sodium-ion storage
[J]. Energy & Environmental Materials, 2020, 3(3): 221-234. DOI:
10.1002/eem2.12131.

[22] CAO X X, PAN A Q, LIU S N, et al. Chemical synthesis of 3D
graphene-like cages for sodium-ion batteries applications[J].
Advanced Energy Materials, 2017, 7(20): 1700797. DOI: 10.1002/
aenm.201700797.

[23] WEI Q L, CHANG X Q, BUTTS D, et al. Surface-redox sodium-
ion storage in anatase titanium oxide[J]. Nature Communications,
2023, 14: 7. DOI: 10.1038/s41467-022-35617-3.

[24]WEI Q L, JIJANG Y L, QIAN X S, et al. Sodium ion capacitor using
pseudocapacitive layered ferric vanadate nanosheets cathode[J].
iScience, 2018, 6: 212-221. DOI: 10.1016/j.is¢i.2018.07.020.

[25] CHANG X Q, HUANG T, YU J Y, et al. Pseudocapacitive anode
materials toward high-power sodium-ion capacitors[J]. Batteries
& Supercaps, 2021, 4(10): 1567-1587. DOI: 10.1002/batt.202100043.

[26] CHOI C, ASHBY D S, BUTTS D M, et al. Achieving high energy
density and high power density with pseudocapacitive materials
[J]. Nature Reviews Materials, 2020, 5(1): 5-19. DOI: 10.1038/
s41578-019-0142-z.

[27]ZHENG H, MA D K, PEI M J, et al. Heterojunction vacancies-
promoted high sodium storage capacity and fast reaction kinetics
of the anodes for ultra-high performance sodium-ion batteries[J].
Advanced Functional Materials, 2025, 35(1): 2411651. DOI:
10.1002/adfm.202411651.

[28]HAN M S, LIU J, DENG C F, et al. Yolk-shell structure and spin-
polarized surface capacitance enable FeS stable and fast ion
transport in sodium-ion batteries[J]. Advanced Energy Materials,
2024, 14(22): 2400246. DOI: 10.1002/aenm.202400246.

[291 TANG D F, YU R H, JIANG Y L, et al. Electrochemically in situ
formed rocksalt phase in titanium dioxide determines
pseudocapacitive sodium-ion storage[J]. Nature Communications,
2025, 16: 2015. DOI: 10.1038/s41467-025-57310-x.

[32] YAN Z R, FAN S C, ZOU X, et al. Scalable synthesis of anatase
TiO, nano-in-micro spheres for hybrid sodium-ion capacitors[J].
Chemical Engineering Journal, 2025, 519: 165100. DOI: 10.1016/
j-cej.2025.165100.

[30] YAN Z R, TANG D F, FAN S C, et al. Unifying electrochemically-
driven multistep phase transformations of rutile TiO, to rocksalt
nanograins for reversible Li* and Na® storage[J]. Advanced
Materials, 2025, 37(11): 2419999. DOI: 10.1002/adma.202419999.

[31]LAN K, LIU L, ZHANG J Y, et al. Precisely designed mesoscopic
titania for high-volumetric-density pseudocapacitance[J]. Journal
of the American Chemical Society, 2021, 143(35): 14097-14105.

[33]FENG W L, MENG C C, GUO X L, et al. Defect-driven
reconstruction of Na-ion diffusion channels enabling high-
performance Co-doped TiO, anodes for Na-ion hybrid capacitors
[J]. Advanced Energy Materials, 2024, 14(23): 2400558. DOI:
10.1002/aenm.202400558.

[34]LIN H C, WANG Z S, SOLARES O, et al. A disordered rock salt

long-lived battery[J].
Advanced Materials, 2025, 37(46): 2503143. DOI: 10.1002/
adma.202503143.

[35]HUANG T Y, YU J Y, HUANG X J, et al. Boosted surface-redox
pseudocapacitance in 2D mesoporous TiN for high-power

2023, 4(10):

anode for all-vanadium  sodium-ion

sodium-ion capacitors[J]. Small Structures,
2300165. DOI: 10.1002/sstr.202300165.
[36] WEI Q L, HUANG T Y, HUANG X J, et al. High-rate sodium-ion

storage of vanadium nitride via surface-redox pseudocapacitance



2
K

e T

0

v

% 5

R AAH IR RS A T A A

1811

[J]. Interdisciplinary Materials, 2023, 2(3): 434-442. DOI: 10.1002/
idm2.12080.

[37JWANG B H, FANG Z Y, JIANG Q Y, et al. Interlayer confined
water enabled pseudocapacitive sodium-ion storage in
nonaqueous electrolyte[J]. ACS Nano, 2024, 18(1): 798-808.

[38]WEI Q L, LI Q D, JIANG Y L, et al. High-energy and high-power
pseudocapacitor-battery hybrid sodium-ion capacitor with Na*
intercalation pseudocapacitance anode[J]. Nano-Micro Letters,
2021, 13(1): 55. DOI: 10.1007/s40820-020-00567-2.

[391JIANG Q Y, WANG B H, YAN Z R, et al. Unraveling the
pseudocapacitive sodium-ion storage mechanism of birnessite in
organic electrolytes[J]. Chinese Chemical Letters, 2025, 36(11):
110416. DOI: 10.1016/j.cclet.2024.110416.

[40]ZO0U X, YAN Z R, TANG D F et al
pseudocapacitance of sodium-ion storage in TiO,(B)[J]. Journal
of Materials Chemistry A, 2024, 12(23): 13770-13777.

[411YAN Z R, TANG D F, WANG B H, et al. Hybrid

pseudocapacitance/co-intercalation mechanisms of TiO,/graphite

Intercalation

anodes for rapid sodium-ion storage[J]. Rare Metals, 2024, 43
(10): 5427-5434. DOI: 10.1007/s12598-024-02848-w.

[42]ZHANG H Z, BANFIELD J F. Structural characteristics and
mechanical and thermodynamic properties of nanocrystalline TiO,
[J]. Chemical Reviews, 2014, 114(19): 9613-9644.

[43]WANG W G, LIU Y, WU X, et al. Advances of TiO, as negative
electrode materials for
Materials Technologies, 2018, 3(9):
admt.201800004.

[44] LI K K, ZHANG J, LIN D M, et al. Evolution of the electrochemical
interface in sodium ion batteries with ether electrolytes[J]. Nature
Communications, 2019, 10: 725. DOIl: 10.1038/s41467-019-
08506-5.

[45] KIM K T, ALI G, CHUNG K Y, et al. Anatase titania nanorods as

sodium-ion batteries[J]. Advanced
1800004. DOI: 10.1002/

an intercalation anode material for rechargeable sodium batteries
[J]. Nano Letters, 2014, 14(2): 416-422.

[46]XU X M, XIONG F Y, MENG J S, et al. Vanadium-based
nanomaterials: A promising family for emerging metal-ion
batteries[J]. Advanced Functional Materials, 2020, 30, 1904398.
DOI: 10.1002/adfm.201904398.

[47] DELMAS C, COGNAC-AURADOU H, COCCIANTELLI J M, et al.
The Li,V,0, system: An overview of the structure modifications
induced by the lithium intercalation[J]. Solid State lonics, 1994, 69
(3/4): 257-264. DOI: 10.1016/0167-2738(94)90414-6.

[48]ZUO W H, YANG Y. Synthesis, structure, electrochemical
mechanisms, and atmospheric stability of Mn-based layered
oxide cathodes for sodium ion batteries[J]. Accounts of Materials
Research, 2022, 3(7): 709-720.

[49] GUI X Y, XIANG Z P, REN T L, et al. High-entropy doped P'2 Mn-
based layered oxide with superior stability and high capacity for
sodium-ion batteries[J]. Advanced Materials, 2025, 37(20):
2417008. DOI: 10.1002/adma.202417008.

[50] MATEOS M, MAKIVIC N, KIM Y S, et al. Accessing the two-
electron charge storage capacity of MnO, in mild aqueous
electrolytes[J]. Advanced Energy Materials, 2020, 10(23):
2000332. DOI: 10.1002/aenm.202000332.

[51]YAN L J, LI XY, PAN H L. Modulating valence electrons and Na
occupancy in layered cathodes for high-performance Na-ion
batteries[J]. ACS Applied Materials & Interfaces, 2024, 16(20):
26280-26287.

[52] BOYD S, GANESHAN K, TSAlI W Y, et al. Effects of interlayer
confinement and hydration on capacitive charge storage in
birnessite[J]. Nature Materials, 2021, 20(12): 1689-1694. DOI:
10.1038/s41563-021-01066-4.

[53]PARK M S, VEERASUBRAMANI G K, THANGAVEL R, et al.
Effect of organic solvents on the electrochemical performance of
sodium-ion hybrid capacitors[J]. ChemElectroChem, 2019, 6(3):
653-660. DOI: 10.1002/celc.201801517.

[54]WU L Y, DONG S Y, PANG G, et al. Rocking-chair Na-ion hybrid
capacitor: A high energy/power system based on Na,V,0,(PO,),F
@PEDOT core-shell nanorods[J]. Journal of Materials Chemistry
A, 2019, 7(3): 1030-1037.

[55] CAI P, ZOU K Y, DENG X L, et al. Comprehensive understanding
of sodium-ion capacitors: Definition, mechanisms, configurations,
materials, key
Advanced Energy Materials, 2021, 11(16): 2003804. DOI: 10.
1002/aenm.202003804.

[56]WANG L, HU M L, YAO Q Y, et al. Advanced materials for
sodium-ion capacitors: Progress and perspectives[J]. Energy
Storage Materials, 2025, 78: 104285. DOI: 10.1016/j. ensm.
2025.104285.

[57] %Ay, REMETE, M FEH . A FE BRI ELGIxT AC/HC BUANE T LA
SRR J]. AR S HOR, 2025, 14(4): 1679-1686.

AN Z X, LIANG P C, YANG C Y. The influence of different pre-
sodiation ratios on the performance of AC//HC sodium-ion

technologies, and future developments[J].

capacitors[J]. Energy Storage Science and Technology, 2025, 14
(4): 1679-1686.

[58] CHEN Z, AUGUSTYN V, JIA X L, et al. High-performance sodium-
ion pseudocapacitors based on hierarchically porous nanowire
composites[J]. ACS Nano, 2012, 6(5): 4319-4327.

[69] JIAR, JIANGYY, LI R, et al. Nb,O, nanotubes on carbon cloth for high
performance sodium-ion capacitors[J]. Science China Materials,
2020, 63(7): 1171-1181. DOI: 10.1007/s40843-020-1278-9.



