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Abstract: Supercapacitors are widely considered as advanced energy storage devices with vast
development prospects due to their excellent properties, including high specific energy and good cyclic
stability. Recently, the development of novel and high-performance supercapacitors has attracted

extensive attention. As one of the key components, the electrode material has a significant impact on the
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electrochemical performance of supercapacitors. Engineering biochar not only has natural advantages
such as renewability, cost-effectiveness, and environmental-friendliness but also possesses well-
developed properties, including pore structure, functional group, and cyclic stability. Therefore,
numerous investigations have been conducted to develop high-performance engineered biochar-based
supercapacitors. This review provides an overview of emerging synthesis routes for engineered biochar-
based electrode materials and discusses recent advances in various synthesis approaches, offering
deeper and more comprehensive information on engineered biochar-based supercapacitors. Machine
learning (ML)-based predictions and inverse designs have contributed to the innovation of engineered
biochar-based electrode materials for high-performance applications, clarifying the inherent
mechanisms and complex relationships between the properties of engineering biochar and the
electrochemical performance of supercapacitors. Finally, detailed assessments from perspectives of
environmental benefits and economic feasibilities are proposed as science-based guidelines for
industries and policymakers. The main existing challenges and solutions of engineered biochar-based
energy storage systems are discussed, aiming to accelerate commercial applications of engineered
biochar-based supercapacitors.

Keywords: Supercapacitor; Porous carbon materials; Biomass; Machine learning; Electrochemical

performance
0 3 - AETE . o DI B B R A i ke B, IR A REL
- T LA 43 Sk DUFRL J22 8 2 1 % 7% ( Electric Double-

HATES, BRGNS IR IE Y e e A3
(CIESPEIE: R (35 WA R SR 3 SN PN X A E RS )
PRI B T A B85 i (U <A A B 4 Bk AR

Layer Capacitance, EDLC) | Jf§ H 75 ¢ B %5 4%
(Pseudocapacitor) 11 & %Y 8 2% L 45 #% ( Hybrid
Supercapacitor) . 5 Y g L 28 2 DR L A A

) 1, ek A A B 4 Ak £ KRN R T YR
Hlo TERH A ST, MAUT & SRR . il frss
(T RETR, o RO T B G G Ak A eI, R AF
A TR B SRR HE AL Y R R s R AR K, Bl
FRBEIRE AR 28 AR IE, T DMIRAIAS . SR 1
AR AT FEAE IR BRI 3 2 ] AR AR (4 F
A KURE S ) A7 78 (] JR M R AS B e P A5 il 0
U, XM RR  PRBE AU TR BB VR A A T oK
Sk iR 2% L 45 2% (Supercapacitor ) J& — il

B 77 AR SRRl X R b 2 %, SRR T L
L2 I I H 2570 2 b e A RS OO, SR
FC I Rt 5 O S AR B R e B T Y
FEB 445 55 R T, B AR A
T R R JEFR A ARG . DR RS . AR
YU B FE A A A, H LR R B B AR (55 1) . BET LA
R, R AR B T T A2
sk, o RIS Tl et B
PP s AR AT

#1 BRBERESEHEESEL""

Table 1 Performance comparisons of supercapacitor and battery

[15-19]

fERe FEHH s G A YR (W-kg ) A AR IS O A (W-hokg )
HL it 3.000~3 600 500 1 000 20~60 >250
[ G o 1~10 >30 000 10 000 -40~70 <30

FLR A R e R A A R AR BB R
Z—P0 AR He e TR B FLBR S e R
EREAGEFE A GRS il i Ol RS e
1) LT A : EDLC J2& i 2o Fo B 3R 1T 5 HR i BT i
TRIE B XA 22" A7 it v AT, PR] a4t vy b T AR
AT R 5 R A VR A e AR, DA A — i R

AR R AR I R 2R 2) FLBR S i A
PR A A v ) FL B 4 R, — O T AT DA e ik R AR
A LA, O — 5 R 2 A FLIB S5 40 A7 B TR
1 FEL AR S5 ST RS R, AT R 2 R A
(32 B 3) T B A R A R b R
A K5 B 2 B K, BELAS T AR R



TWETAE R TR A MR RO A TR G 7 e BUIR L Bl BT “15-

I F R 1T, B AR S 4 B B AT T e A R
[ e R R NN 7o = R A S b
RHEAEJOBEEM R EZEAFEREY. 2R
RN Z2 FL o MR AW o B T AR AR W ok A R
Y R A= B v (A B8 — B 2 7 i, A
ETCT I I (197 NN 57 8 N 1 B e A Y e
O HA AT FLES 5 B RE R . FRUE AL S 1k
SRR WAL R ECY . N, TR AR M bR A
SRy R G L2 A HUSOME R L A i N S, A
ZMAEFH N KIE ., FET Web of Science #0044
P& %, LA “ Biomass” 1 “ Supercapacitors” Ay K & +2
BT 2009 4F & 2023 45 A ) 5 R 2% L 2%
i Y A B L (3 055 B FS | SO L (2024
TR . —Jm, WE TR, S LS
KA A R A Y T o 3 SCE R R ORI
T, SCEERRAE G| I 55— J7 I, anfA 2

chemicalactivation

Jr7R, X} 3 055 R SCE AT 30 A AR AT T
B2 11 & 7] Ak 2 B ( VOSviewer Ver. 1.6.20),
B A 2 B A M R B AR B T 2R AT

Tz R
600
ssof M R 127 000
500 —— 3| 24 000
1(5)8 21 000
~
£ 35 18000 =
18 300 15 000 T
i 250 12000 =
ting
?‘5)8 9000
100 6 000
50 3000
0 0 N O —~ N N T N O >0~ N 0
EEEEEEEEREEEEEE 239G
S O O O O O O O O C o0 o o o o <
[ I o [N o BN o BN o BN o= N oS K & 'S A o I o I o\ NN o~ NN o BN o BENI N |
oy

1 £YR.BREFF[EXHRMBESSIER
Fig.1 Publications and citations related to biomass and

supercapacitors

(%2 i
acti\.ra‘m'ig,\carhon
R
hoh aC.\\‘ﬂtlDﬂ
4 o enerpydensity
E\i\“ﬁﬁp{ﬁ’pﬁ e s iy ena%glé ; FLE}S;
praphene |
7R o -
HEE T /X /:t% b
supercapacitors
B
S U p = hydrothermalgarbonization
KB
speciic chporitarice b : e
mitrogemgning e ¥ Slackotutniats
R L§ 8 porofiggarbon LI
i'f’tﬂjﬁﬁ&m teroa b Gong
KRETHHR
asymmetric 3 apercapacitor —
JEXSFR R 25 A ‘?m%n
symmetric supercapacitos
XS R G L 25 7'10!«?
nnnnn NI lectrode
A ) 1%
electrocen t‘\‘["
RS
. hierarcpf\cg\%rulx;&arbun
L IR ALK
|

2019.06  2020.01

2020.06  2021.01

2 XERZEIT AL ER

Fig.2 Keywords statistical visualization graphics

T Al AL AN 2R I TR 2R AR AL B 5
T2 W58, WESE N A R TH T TR AR
S A AR HITERE . BEHE N TR RERY K eI
W K, B R B S 3 KRR TR B 400 WL A

WNIEL 3 Jrzs, A D SR 5008 SR 3l 07 12, AL
S SZ2 BTz R, HA AT AU E ARk
AL GER R, I PT LE A 50 90K 50 4 7512 o
YA T 2T, P SR IBCRIRIT HEA T B0, A R v

LR ORI A 80, A7 Bl T sl A4 RERL =2 R i fiE
b U 1 PR A i

AL T AL RIS Z 45 Se it B (4 B X R 2
FL A i FELARORARE B PR BE ) A TR Z S WL, DAL 0k S ik
S BRI BB R P JT T HE Bl 0 i A A A A i
HAREE L Hlas I8 —Fhsi R T H,
Ko AE R RHIE T SU5 | A BRI VE AR 5, A G2 1) B
FEITHA A AT o AN SCHE T TARRAE W bR



- 16 - (LR N T T

%38 EH 6 M

RN Rl %

!
|

!

| [ .
| 2
!

!

| pmessms '

BTG

LA AR

e e e e — — —— — — — — ——— o —— .

AL

P BN 5155
B3 HHEFIESEMNEYREBREFTHZERM L

Fig.3 Machine learning-guided syntheses of biomass-based supercapacitor electrode materials
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Table 2 Comparison of parameters between different carbonization methods
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Fig. 4 Schematic of the process of predicting the performance of biomass-based carbon materials by machine learning
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Table 4 Machine learning-predicated performance on typical parameters of biomass-based carbon materials

" IE ik U R 5%
BEARE L e HHIE e B o
HiE% BRsg RMSE MAE R SCik
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Lasso 74.49 59.49 0.48
148 133 RIRGTH, HARER, AL Do By op o 41.02 28.06 0.84 68
15 . 00S . . .
BT 155
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