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Abstract ; Supercapacitors are widely considered as advanced energy storage devices with vast develop-
ment 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 exten-
sive attention. As one of the key components, the electrode material has a significant impact on the
electrochemical performance of supercapacitors. Engineering biochar not only has natural advantages
such as renewability, cost—effectiveness, and environmental —friendliness but also possesses well —de-
veloped properties, including pore structure, functional group, and cyclic stability. Therefore,

numerous investigations have been conducted to develop high—performance engineered biochar—based
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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 electro-
chemical performance of supercapacitors. Finally, detailed assessments from perspectives of environ-
mental 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 su-
percapacitors.

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

performance
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Fig. 1 The publications and citations related to

biomass and supercapacitors
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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

BARA,  WREBY  RREE, HHA/ [EEINVS 47N

A IR IRA BT KBEA (m2 e g)  (A-g)  (Fegl)  IEEE 10 Ak HUARIER/ % S7% 30k
a— LR AR Tk AL EBTK 952.3 1.0 235.8 20 000 99.9 [27]
14 IKBIRAL A — 1.0 271.0 2 000 99.2 [28]
FAA okl LKEFAK 21383 1.0 346.9 10 000 95.4 [38]
A B / 1813.2 1.0 290.5 5000 99.9 [39]
PN HEA / 2 808.7 1.0 396.3 10 000 92.5 [40]
A=W EHERAL / 1298.3 0.5 309.5 10 000 80.1 [41]
YRR RiR 2 TKEEIE 693.0 1.0 461.0 10 000 88.2 [35]
T R AR AR 1 it 1R 1 610.0 1.0 363.7 — — [36]
IR ik P / 2 649.0 2.0 374.0 5 000 91.4 [37]

T /" s T —" R Jilul
1.2 FBEHU—UEIREREYRIIREN ()8, HEOR 2 AL B 5 Zn K XA SR i

BACTTAG A= W o 1 FLBR A5 44 22 | 45 A4 e AT JE RS R TR sk 6 REE AU L
FRRTHEY VR AL B e L R 1 FUFE L FLER AT AR o 2 T IEE Y HE 5 1

SERL  HE TG SR AR W) AW R A TE RN A2 S T YUAN %5140 53 51 LIARAE B Ak KK 2T i ik
RSN SHETIRAAR , KHCO, VE by i Ak 751 Sk il 48 T %2 28 ¥ o
L2.1 #EELE Mk, MIRBESZ M0 £ A , KHCO, 4% T KOH

WG AL 1 R R A IR A, A JEE P /N H A2 ER S 1% 48 %% ( Global Warming Poten-
F H,0.,CO, 0,55 1% k.5 5 25 # rb At 7% 1 e Ji tial ) 1% ; NG AR 9 A B 7R KHCO, 76 =5 T T 43
FAIEAE R s e Ak B AR R B, A 3% 5 fiff 7 AR AR, B A B TR AL TR A W e R
OB B S AR PR RE . B IE A AR R AE FLBRESH , 7ESL B B AL RORHE i (PR-2) B
{615 AT RS Y . SR TG A 120 A b 3= B L RTA(2 035.6 m*/g) , 2T PR-2 (B
11 5 77 HE AN 5] SAL, T BALBR & B R A HARSTE 0.5 A/g MYFLIR 2 B T Lh L2 oy 280.7
IS = AR FLARBUA R B AL, Wik F/g, ZHAO %57 LS5 i b A A A R SR A4 3 sk
B = RS 7 — e R R T BT Ak FALH H,0, 15 b4 T 2900k , B AEre b b2 T

O R TR 35 874.7 m*/g, 7E 0.5 A/g F HLHLZA T ik 243

1.2.2 fegidfek F/g, 7630 A/g I 41 F SR 15 000 W5 HL 4
PR2E T Ak 1 FE AR JUHL 2 SR ) ZnCl,  KOH'™ (R 1 85% , FIFCLE W] H,0, B —Fh4t (A

LA~ 5 A ) oA AR AR TR A, 7 P AR ESHIEALF)

el RN . KOH AT {2 E FLBRIE 1, $2 i 4= 9 1.2.3 A&k

e F WA H KOH J& otk s, A 84k, 4 25 AT AR Y HR AL~ 0 Ak BN T Ak

Bife HHR . ZnCl, W0 77 76 5 46 Ja 7 e 1Y) 5 A YRS AR L~ Ak A e R (B AR A
S



SR G #7222 S ki . FARMA
AT L A Bl 54 Sy i 3R A4, SEAE 0.3 mol/L
KOH %W it 2 h, B S 7E8 b b gk A7 ek
CO, itk 4REW, 2id KOH Ml CO, B &%k
Je i TR AR W o AR RE, BT 03 2 9 K 2 4 2
P AR L 12 O LB AE S JR B AL S R L Ak 5
PERE, ML N 1 A/g I BRAHIY B i LU L2
A 259 F/g,
1.3 ZEFBE—IREYIRKREINGEN

FETHB2 B AER N TR A Wy MR R TH A
KU REATRNSE AR, BTG ML A p 38 A B T4
AL A IERE . 28T B2 AR TR IR ]
HEBIRINEBZ W IMBIITEA N,
0.S.P.B %, HZMILRE & 1B 207 BN W
W, 3, N R BAn] 4 m TR AR Y pbR )
HUFRDY 0 JEF B2 T AR B H 1132
THRCRIT IR F | S 2% T S it
LB AT C VAN E i N A s = S e e ]
B TS T HAB A P ET IR 9 2L RHA.
A7 T R 7 R R R I LR B TRl
Wi N ST B 701, B v Fi A 5 RS BE
PR 2 B AL PO

x3 ERBRAASBEIE

Table 3 Traditional doping methods and doping elements

EX7GIE SN BaHX BRTE BEH
TR VG EE S N.O [50]
PEFETe ShiRB A 0.P [52]
JEHRTE BB N.0.S [54]
IERiie 28 BB N [57]
HE/ HFRKRESEY) k28 N.O [58]
Bl T e EEZF/S N.O [59]
o] 0 ZEFEFT SMERB A N.O.P [56]
EARTIE SMEB A N [60]

1.3.1 a#H%

A RATIRR RS A N P .S 0 &0 & 1E
(BN L A/l S R B N B 7t P v SN RO
BT HAbB IO, ABRITTHH MBI, il
ARG ERAERTE FREE AT B35 2 ik AR D4R
NIU 25554 D) Jp R 52 R0 KOH K RTIRARFIE AL F) | 38
AR T HB A Mt &, Hls T —F#
B N.O.S RT3z 2Lkt b,
Fe i AL A 2 112.3 m/g, A 6 e 2

6

(342 F/g) RS MG ERE 1 (20 000 RIS
LA TREEE N 99.5%) .
1.3.2  $h3R#52

SN IrR T R B AR5 A HH
PBAa A = RS mIkE, MBI R
AT ZICER B AR, 7 AR 2 i B RS M 67 A5, i
— A T4 A, R R AR S DY
ZENG Z559 L) ) H ZE 8% FF M6k U, L NH, H, PO,
NRIEABEIR S — ek & T O N P 3
B2 AL i (ONPC) . 1545 T H A& M) R
FRURIR BN 0(13.98%) N(7.43%) Fl P(0.81%)
JiF,ONPC-700 7£ 0.5 A/g %1FF B4 340 F/g
ML
1.4 k5w

AR AR W e R L AR R R B A > A T Y
R AR R Ak HBRORA R R TS ), SR
X ARk T I i 2Pk

TG, TR R R 5 k2= e Re Y
INAESCBRATIAS A, TR A= 1 e 26 AL FLBR
S R E R A G S0 AL R AR R
TRAIRIT S50 R 1k 5 W Ak 27 Ve B 2 18] 1 N TE AL
xS s s TRAY R A EENIRS

O AW B A e e AR AR W kT A
AL G BAREZIE T2, il i R X A= W ok
PR o 3 e P a2 TS e G e Ak 2
A, BT, TRAYR T ARES L, TERET
R R TS YR S, PRI, R T R Sk
It AR 2 1 T2 DLl 4 = e B TR AR W o
TN A

O = TERURTT 5T SRR AU TR
Yy A7 g g S i 2 TR A LO M R
R ET I, HIL, Wit 2i A% E il TR A
WyaR 7= T2, B S0 TR A ) e ) 4 (2 M i
N AN B 4o TR A e i v] R4 %
WAFE YL 2 ARRR PR IR R T R e, A= i Jo] 40
P (Life Cycle Assessment, LCA ) = 2 5¢ 73 M A
PERMRIRC B 7= 30 5 38 A~ A i S B X 345
BRI, 3 T2 R R L T Ak i PR 958 52 i)
S, BN, W E AR 2T TS (Techno—
economic Assessment, TEA) 7] DAXF T. 72 4= ¥y ik 4
PRROR A 2 TR R S AT A T PEAS O TR
AR R A AR S AR A R SR SR i T AR
R L BT RS R R



2 HESRFIESHE MR EHIES N

2.1 #Hg8E3

BLas2 I AE o N T8 Re sl i AR 3R 3%
TorirEdE RIUE S RERE R fEs: T AR
TR A P B E X EEWEMN, Hit,
I UAESR 2= EZ AT D R Bl = > N T T2
Y B IEAB G 25 2R WO TIF & R o Al LA B L Ak
SEARE I ORE HE T, [ B4R R T AR AR A R
FEPE S H i A2 R A N AR OCER R 2 &
—ANE BRI

WG R A, HILAS 2% >0 78 25 W) ot 8 0 A1 BH5 i
JrEEALUFER,

(1) b2, A=Wy e phRH g5 ik f rh 2= A2
KA SEI A, L4 85 550 AT BRI | b
BEICR AL SR AR 5% LA > Al R
BT BRI TR AL B 0 A ARE AL BRE R

Ny K SR SRR E S R gt
T ) gt
@ YIZEAE: 70%~90% i Kt

@ Bk LR, DT. SVM.
ANN. BPNN. XGBoost......

Kl AL ER
B SRR TR 7

B oA il

3R A 3

T UL SR HEA TR AT A

(2) PERETIIN « 56 Bods it S B, X A4 R
PCRFPERER T i 50 TR st T 0

(3) LA : 56T O AR R B0 S8 B A, W]
HEST AR, ST A SR R R SR e T
LIARHOR T BRARBEFE N A, 5 g TR A
Wy e 7 B A

(4) & REREML . A ShoE AR Y AR BT
IR AT BN AT 55, S B B RS, A B
AR A AR F1 3l Ak ] 4 e P B8 TR AR Wy ok
FEEHT
2.2 RTINS EEEH

BEXTE SR FL 2 4% 0 L, % TR A R b e
AL SR R PR EA T PR RE TN T2 284 DL T 23R 15 4
He v RETTINR AR BEAT T TR, A B TS A
RSN Bu g

BT ARRR SRS
AR
© AR 15 T A

=3

HFAE I HY PRI YAl FFAE S M7
7 . ‘ be S AVREE 2 1A &
Q HJEE (V). C/OUT 450 B mormies (RMSE)
LL H B (m?g) FRMRR Y (MAE) ‘ +
LI E (A/Q). oo Hl5E FH (R

B4 HERFITNENRERM BTGS2 EE

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
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167 150 17 . [72]
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