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HE ARk, 2o gt R A2 T AR SRy T A 1 LAk
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A=W e ) B YR AR A 0 ST 2 78 e JHL vy 43
BN R], S BALRE IR A . KRR AL SR AR Ak
e A RO FA D SHL, IR R, Ak
BFIE] . pH. SRS IR DIV, 7R D8 E 1S
oA ARk %) 245 B4 R 1 T TR A A S A Y, G B 43X
645 LS BOGT T IR SR AR (4 1 B LA A2 R
1.1 #Aforieis

REBAY MBS LLTE N, Ar FEESR
ST R AR A I £ o MOBHE AL ST R
ZPIARIAAAE AR 1 954 100 ~ 300°C & K57,
B3 ETE 400 ~ 600°C %4k, 425 CO,. CH,, CO %
SR B SR TE 600°C LA b itk — 25 6 A8 Sy Ay SR Ak e
B TR A B SRk, SRR A R B R B b
BEMAES.

SR FHFAS e A3 1) B A BHRSE, R LKA ) ot
HEAT ] A AL B, AN ) AR B e Al . B
AT il £ 10 1 i Ak LAy SRR A B — MR, oAb
BT 900°C B, A s bR R it = . Pl 4%
MRHIE 5 K FLIE 254t 8 2L A2 AR e Abad 2 v Jor
PR (ARG SEI . AN, Yin 25 C20 ) i e e 5k
TIRE . TSR BES, e 4l N, U, B8
TE 400°C T Wi AL 1h, i J57E 700°C . 800°C . 900°C
25 Al 1h, FRATAS [R] 4548 (0 386 24 i 44 BF CGC-700.,
CGC-800 1 CGC-900, SLH4i L], CGC-900 H
A i B A SRR, T CGC-800 A e K i b &
T (1144.8m%/g). i 32 76 A 90 5 b 5 | H A g A
A3 K 35 A 31, BT LAAS 25t 2 5 A 4 2R A RHAY A1
AL RALESS . BR T AER S B REA S A
AL A G bR s B b R A T e s T e Ak
() B Y, eT LU el A 2 vk T AL AL, DL
FemtEfE . — R KOH, ZnCl, K K,CO, %4
TG Ak, HE—2 SRR FL R S5 R4 R L R A, LA
53 ZFL %, i, Chang %5 1227 LI s 22 g J5ik), it
7 B e A FE I A 5T FeCly F11 ZnCl, A AL 57 Al
AR, S R 22 R ETE Ar AR T I E
220°C fR%F 45min, BEJE M#AZE 900°C &1L 2h, AR
R G RG220 4 e, T il £ Ak 28 XS AT 5
SyMTUE A B 0 A Bs k. Hop FeCly L T0 2
T J% 1) 40 ARAR IR 5678, 1T ZnCl, 1 e 88 U 4 s
Zn, BB IR FEARSETI R, Zn ¥ K J5 16 R LR |24
FLEGH, B R RPRL A LA TR . Jin 45 12D SR Y
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LIV T8 J5 AR R A, W AL B A6 8y A AR
KOH & = L 3h, 128 . TR BRIS 76 N, SR
T 800°C i ft 3h 45 21| Z £L s £ #k, b 3% 1w X
788.9m*/g, 1M 7k il & i B HF AR I A KOH Frfg sk b4k
IR RN 417.4m%/g. W] WL, KOH 5] AJEHR 5
BRI L R AU A RO i o R AL R
R A SR AR B 2%, A HLMLBE R S 45 PR & 24 1k,
BAWMARTE TR . ARG SCRIFIT 45 AT, R4
fRIEEE T (400 ~ 500°C) A Fir il & 1) A= o, HLZR
T A 25 3 & R RE A, T3 15 Y WG B 401K
{0, Sun % 1240 5l 5B R BETE 450°C PSR 2h, BT
A FRAF I RATRL . ZRAE, BT AR AR F 5
BREE WIRR R R, TR0 B E K BB
07 Th SR B Y B4 B I AT 5% . Huang %5 °% 7 22 5%
F/NZFEFF . B RFEATHUK SRS AT 0 50k, 38 3 78
550°C #f# 2h, 13BN BT EL RGHARSE T H:
X R LK 52 . FERTF 700°C A Ak i il

() L AR, A R T IL R A o IR TR Y
TR R RS, A R, LRI
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Yang % 7 LAFE oM IEORE, 2 oK N
B, 7E 220°C i 24h, il & 2 381 CQDs-NH,.
SRR FN, FLW KA AR CQDs-NH, B 5 (4,56
BRERNER . AE 1~ 15umol/L Ft e J3 5 B %o 262
RIm R BRI R, K Ry 18.56nmol/L.
Xu %5 28 SRR TR JER R, A TR R A
ORI IR, AR R /KA, 7 200°C
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2 30min J5, TR N ZEH 200°C [ i 6h, #4155
() RAE O B TR O R TR P S A R

CQDs R, K HFFE R J5 2 LUK 52 R A AR [
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Fe, Sun 45 VUM FeCl, Ml CoClL ARG
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TENE £R e A e 78 v RS P i R A B PR i i
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YR BRI E . FE 25°C F1 100kPa 45 T,
D37 AR A Uk 2 RN 2 W IO L 461 6T A= 4y e 45 A
CO, WM RE M2 . 45 SRR AWy CO, )
WAL AR U B ) R S IS T R, B SR AR
YT LA A T R B T S SR B A
BCAb, AT LA [R] s 2R FH 22 A g 4 Bl A A= 4 5k
Jia 2 LD R R (9 £ (M) NaCl, KC1 Al LiCl) Fl
KOH # 1 : 1 BEE/RHIRA S, 20 i A S & A
Hh IR T 3 DA A A S T A T Rk 2 A B, A
TR (99.99%) PRI, AR FE] 300°C F1 820°C,
FEAREF 45min 15 2] B K, FHEHR R L REL
Yy, BREREL AR T4 FERY KOH, IR R AWM=,
i SEM K& F N, M B 25 TR 4, & B 50t Y KOH
5 KOH FUAEL A5 Z RIFEEAR R A i LVLEE, B
ZAAT IR R TR 8K . Cheng 45 131 43
W KHCO,-KCl 1 K,CO,-KCl ¥ Ff s £5 14K 22 1 45
FRFEFFEEZ LK, IT R R G RAE T R £
TR Z XL B R S . 25 SR, W R A SR
KRR EE B E IR SR AR SR E R S . A
[F] () J2:, KHCO,-KCl 4 22 1T A i 3 42 v R A £ L L)
(48.6% ~ 66.2%) Fl L2 18 B (1551 ~ 2512m%/g), ifii
K,CO;-KCl 4 Z MR g . HLELAF 58 2 B, KHCO;-
KCI A& 2 1T DA 3552 i R Jo 41 4k 28— 4153 A I o7
Z AL AR ELAVE FH, DN R A A 1 o, SR
A1k

SR S £ e Ak 1 o 2% 25 W i s 38 A 38 FH A ]
(R AR, S ARG ER A G, SIS St 4,
A L& 2 K H e T AR 2Lk Sk R, 2
WAL — 5L D0 S5 1 R 6 1 i, i L EL 7 41 3k o,
A TP W BT G B H A e U, s R R Ak
H AEAE 1) 32 [ B2 An o] Acb P pad s v B o6 FH
(ER, SO 45 I BT AR 0 A e i R 5 0 TR
Yy, rep b BER, — R F I e K e ) 7 2 B
DR TR A R s R R YA, T AT PRI M . e A7F,
SN 2 T o ] B 5 e 3638

ANl A= W il 24 5 i LU LR 1

T AR T IR

Table 1 Comparison of different biochar preparation methods.

2 YR B AL AR AR I

3 B R AN [F] 250 AR 1Y 2 S AR, H
HAEM e AR FR AT, T LA 25 LA Il R B 1) T
IR R ¥ R NN (1l o =X HA B b/ )
P2 AL AR AR STV e, 259 BB oy T o B
14 7 FH BB it e
2.1 TERRSES Y5 B i S

AN TS | Tl Ay 5K Kead Bk il
b, (A5 PR TS Y OB — PR TR 8, Rk,
AW AT A R DRI AL 25 R I PR T Y ) 1T 7Y
N BFGE H 2512, R A A HLAL S S R
EAEE SIS LY/

2.1.1  FEAHLE G S Hr

AHLE R EA R AL R R T
PR BRSO, 3K SERRPE (A & (7 PR 5E rhoE LA R i,
FEiE L B B, SO T A M B T A A2
TR KA a3 o R I LTS AP B i W5 VA A
GICICREE . SAREIEESE, B R TS Y
PR BRI 75 5K o AR, A= B IR RTE A
BLT5 G 53 B 7 TS T 8K 2D, SCHRH A 1
BT A h WAL IR AR, A 73 A 9 B s 324
i NH, . AWK 2 KK EY) .

Sha %5 U4 IF & T — Bl R B4 i 30K A 2R
CQDs f& s HI T AL N H, o A2 i X Jik i) R B
4 151.5mA/(mmolecm?) (R>=0.997), ¥ FRAK 2 39.7
pmol/L. i AL INAR [ vkl e T SEBRAE S A 45 TR H
IKFBLALL R K AR IR B2, [BICR R 97% ~ 102%, TiE
WA B SEBR  HTHT 5% o Adiraju 2 17—
T I E G o T T FL AL SR RS Aok P A e AR
Y15 (AS-BioC) (L AL PERERY Jr ik L2 XA
A2 AL T 58 T AS-BioC i1 B REH FIFLEREE,
PEm T AR R A A EE R . SR
AS-BioC &1 1) 22 1 B3 il Fi AR 2R 3010 B 5 Ay LAk 2
PR RE, A Il R B 17.3puA/mmol, £ H R A
1.35nmol/L, £k P i [l 5 % (25 ~ 2500nmol/L).
Madhu 25 13 L 5 Tk YR 45 IR 2 AR

g R il bR EE FE R VI E = PUN
bk 400 ~ 600°C KIMEREAER . A B ILEK g it [21,24-25]
PR BALEE 700 ~ 1200°C AEefEs, SHEERL HLAER . HLfEfE . A fb2E R, Cco, gk [22-23]
K#BALIE 100 ~300°C  FiEREA £ | A BILEER. L him T sk TG, AL [27-31]
fEEh AL 900 ~ 1200°C AR R RN B, FAbZRE IR, CO, figk [32-35]
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JIT il £ B R R T 4= SRR A AL BT . T
FeJFF N AETERG N T 36 P07 5 B0, FTie d L
g = S S R A ST G N L I
1~ 500umol/L, # i P & 0.16umol/L, R i JiF
5.810pA/(umolecm?®). Xu 25 L4 LIMAZRRRRIE, T %
T —FPIABE A AT AL Z AL R AB 400 T 0 A [
P2 A A I, 45 44 1 U F- B 44 T =F & A R A
SRR (1R IR, PRI BT ) AL B LA R AP MR

A 1 X6 A ) 5 i 4 R R 2L R BRI A, TT A
S [ B ARG T KA R ) B 2R Ak A . BB,
Zhao %5 1) F FAMRAERT A SRAE by BB AR R A 7
H Ak A AL R, TR I 25 Wy (HQ) FIARAE — )
(CC)o ZAE & 2§ X HQ (0.5 ~ 3000umol/L) F1 CC
(1 ~ 3000pmol/L) HA # & (e PE il 46 i BR 4351
M 0.47umol/L F1 0.4umol/L. A1, FT il 45 (1L e a%
B R e KA AR AFmid M. xfr
IR T Y1 7K R B S PRSI 45 SR R B, AR IR LA R
AR TTRT S . Mahfoz 45 01 JBI2H R A AR
V& T2 RS G, WIS B b & AR i, O
R T —FMEMBRR B (GCE), T e 2 S A ]
ARSI B 2K 75 e ), 5 102 1-Z80 (1-NP) il 2-Z5
(2-NP). ZIMFFEH K T BRI A HLfh 27 15 B,
W —Fh 7R A 1-NP 1 2-NP (0 E AL 5 5
FE &, MR RO IR T BRI RS
BUERAR G 1 AR SR LA S g . LA R
FEH, B AL 1-NP AR U BR R 14pmol/L, T
iR A R FAS HE BR M 0.64pumol/L. [RIRE, B3 4K
{3 2-NP (F HiBR A 11 umol/L, 3 i i A= il ik [
% 0.61pumol/L, X SEL5 FHHR £ 5 AR 7 75 .
2.1.2  FEE A B MY H

(TR DIV 17 NS O TN = AR T P R et /LN
BRI AR & L, A AR A, f L R A
AV A5 2 o R T i 7™ o S, 1 T 3 L W e
W R Z 2GRk B, R LT
H A, B fb2A 18 B R 7E He™' L Pb' . Cd™ & Cu™ 1Y
Sy BT e N A 22, ARG I ML B = R e AR SRR R
AP B AR 0 2 [0 A AR AR IR RN, B0 A
(A A28k, s R e R E Y, T
AT EL AR A R A 1) A% SR, B Oh b AR B i 2
PR SRS TR, A IR (ARG s B | SR A R e 1
BHESR,

Silva 25 130 off5H T e 2506 VA 0 T 206 R L 7
F T PO™ AL A, SR FH 22 43 Ik w5 Y BE A 75 1 AR 2
2 (DPAASV) ill5E Pb*" . sl (ALK Pb> 5 11

FESHAR L AR S HL 155 0.50 ~ 7.06pmol/L
() £ MmN VR RS PR RN E & B 43 i
55.0nmol/L 1 181.5nmol/L. % FHAF e ST AR 223
SE H K FIR K EE S P, IR 91.19% ~
109.22%. Xu % V8 LA TR JEURE, [ 51 A 20
G T B R G A AL 5 i HUIR R B AR AE
% (WNCF). % Nafion-WNCF %3 7 —Fh s R ik
& H Ak 2R 18 g, F T DPAASV R &2 1l € 1 4 )8
Pb*", £ G Ll 0.5 ~ 100pg/L, 4 HiFR A 0.2pug/L
Valenga %5 144 H BEWE 56 Ak ISR S R 375 1 b
J&i, FEST T —FRE Cu® () DPAASV Jr¥k., Ltz
JIEE R 1.0 ~ 15.0pumol/L, ¥ HBR 4 1.09umol/L,
I A BAFMHT T . Bressi 45 1500 LU i
JER}, 2o AN B, R K i T 240°C J2
% Oh 1l £ 5 $4 L CNDs, LA CNDs Ay Bt % S8 R
Pk A s T ARG N He™" . P>, Cd™ T Ni™,
G BRr51 K 124, 551, 453 F1 608ng/L, XF L (1 R 4
JE AR YA 34.1pA/(nmol sem?). 21.3pA/(nmol scm?).
32.2pA/(nmolecm?) F1 11.4pA/(nmolecm?), #&:I 52Fx
T 7KCFI 7K i B A [T 2R 99.8% ~ 102.6% o
Sharma % 51 i FH Kk P4 B v L A6 7 12 1 4 4R
I 34 15 #2917 A2 e CGC-600, 1E— A i 12 41 Bt
Pt Hg f2 8% 2%, SR DPV X} He™ #EA7 & kG,
K B4 6.17umol/L, &2 &t BR A R 0 4 5 Ry
18.7umol/L 1 0.4723pmol/(pAcm ), Ganaie %5 '*2/
W SnS, & i 78 M A6 117 A ke bl A& B A MR
SnS,@BC, VLA BHME M 7E GCE & 1fi #4 1% 5% %5,
DPV K25 5 /R, XF Po> il Hg® 6 i BR 43 31) H
0.28umol/L I 0.55umol/L.
2.1.3  FERREERIEARL BT R

S ) A ] B G2 1) F SRR A AR
FEE IR KRR R, SR A KRR I 7
LA B 80E SOBCT4F, Bl B o AR
SRHEURL . AR R, SR G X K A R i A 25
RGP AR T, A SRS X B AR 5 L 7K
A B NDSAGERRE = A JE SR . TR RS
D7 V5 AL 55 A B AR e 21 AN 1E L (FTIR), $i7 806
T (Raman), AV -GHEEH 400 7 ik B e - o
TEBC I M 712 . Hor, Raman 1 FTIR fEf% 46 2]
IR 22 530 ) #E , Micro-Raman BEAS KGN 2] 1um (1Y
BEA o IR ARG U AR e 42 2%, BN A o A0 st
TG, X ERPE N B 2K i, B % TR O R AL
i, T A AT PRI, o0 S PR 28 40 o 24 2 10 FH v 1
e K v
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BT, HLAb 2 A SRR A PR B I A A A I T
BRI o i P a0 2, B A et st [F) PR X6} Al 4 20 7 2
BB AT MERE BT . Neuyen 25 150 5 s
IR B AL Al 448 K UKL (CeO, NPs), B HAE S v i
A B A IR, B R T FLAR 2 A% I ek
9 o AN [] 288 R G 0k} [ SR &0 (PE) IR TR M
(PP)]. CV FILSV HLfk2Eo 145 AR, LA %] PE
(ELA% 27 ~ 32um) AR 47 0.226mg/mL, % PP (FL
2 ~ 600um) 5 HBR R 0.338mg/mL, P54 A6 75
FEI34°4 0.2 ~ 1.0mg/mL. AL, AF5E A G i K ok
AETE U LN P 25 e Ak, il 4 1 VAL e 0 25 e 7
TSI A= ) o, W A Ry A i b B, T ~
100nm % 2 2,45 kL (PS) (9 Ak 2 ke 54
Bk 2 4 B R W, Vg R e R AR R R B R
0.2562pA/(umolscm?), ¥ Hi FR & 0.44nmol/L, ifi 725
%W R B BN 3.263pA/(umol scm?), K Y BR
0.52nmol/L. HAGIHLIE A FIr- & LA AR ) K
Mg. Ca fll ClAEBZ4ICR (M) 5 PS BTG PEAL s AH
HEE, BEFMH) M—O B M-S 5 M—C #{fi PS {8
RHEA, T = A AR Ak, BRI TR,
SR8 1 AR R4 SEEL T X ~ 100nm [ PS /458 P
SERGIN, (H2 TSI A PS HAA R (O R Y B34
BT, SEBRIKAAR (R T R T8 S B 433 S AR R
SRR AR 2, ikt H R L A2 AR IR R

2 AREPBSE AL AR IN IBHG AR IS 8

ARG T A 0 A 308 1) )k ) R, R P L Ak A A T
i SIS BR AR AR b o ) SO R A TR, A
FLIFJE IR A IBIESE -

FE TS YL Py ki R, A ) e HA SRS H TG a5
THEIIEGY . E4E R LR EAE 2R A
M & 2 B2 T AR A 0 ¢ ok L Ak 2 A5 TR it
REBE TS e W 1 250, S [ A8 el Al B ARG
XA H AR ) et BN R, AR, LA
Xif B85 T Yl W 4G B4 G HE PR L SR E] pmol/L FE &
nmol/L %, K 35 [l K 2 A T JL pmol/L 2] JL H
umol/L Z A, FARTE L SL ISR HhAS I () — L[] 5 )
ZEff O, AERXTFREIRRE i B A0 2R, o] S B A7 P
RS A6 ) REATS SR T B it — 2D R . WATEAOR ARG
WFFENLAL AT LA — & T & . B0 b B 52
P 75 Yo W A% I A A8 B, LADRSR VR s ASI | 43
B BRER R BTG 5
2.2 {EZI5 b

2RI A B, BE T AR R 1) LA 2 AL B
FEA 224 5 J b 25 3 A v B F 98 AR LA — e R
AT, 0224 5 o B R EL R DL A A H B
Xt R SR KA R I, RIS
B R AR 2 T BB A1 5—OH, —COOH 4% [
Ko 5 A L LA AR, i Lk
S5 5 A A W B AR IR, AL A BT

Table 2 Detection parameters of environmental pollutants by different biochar based electrochemical sensor methods.

B L A 44 R R i LoallI=E7e7] T Ty A PR 23R
CQD /GCE AR i3 / 39.7umol/L [41]
AS-BioC/SPCE SWV X B 0.025 ~ 2.5umol/L 1.63x10 3 umol/L [42]
AC900/GCE LSV 4- T HER 1 ~ 500pmol/L 0.16pumol/L [43]
NDC/GCE DPV XU A 1.0 ~ 50.0pmol/L 1.068umol/L [44]
CLC/GCE ov HQ 0.5 ~3000pmol/L 0.47umol/L [45]
cC 1.0 ~ 3000umol/L 0.40umol/L
DLSNC/GCE cv I-NP 1.0~ 25pmol/L 0.64ymol/L [46]
2-NP 1.0 ~ 25umol/L 0.61pmol/L
HC/CPE DPAJSV Pb** 0.50 ~ 7.06pmol/L 0.055umol/L
WNCF/BFGCE DPAJSV Pb** 0.5 ~ 100pg/L 0.2pg/L
Biochar+CPE DPAdSV Cu*’ 1.0 ~ 15.0pumol/L 0.36pmol/L [49]
Hg* 124ng/L
Pb** 551ng/L
CNDS/SPCE SWASV - / [50]
Cd 453ng/L
Ni¥* 608ng/L
CGC-600/GCE DPV Hg™" 10 ~ 100pmol/L 6.17umol/L [51]
2+
SnS,@BC/GCE DPV " / 0-28ymol/L [52]
Hg 0.55umol/L
AL-1/GCE -V PS (100nm) / 520pmol/L [53]
SF-1/GCE -V PS (100nm) / 440pmol/L [53]
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Kim % 150 R85 20 ) % T ZnCl-KOH 3% fLf)
VBT AR A, SR FH AT EME i GCE, HE—25 Xt %) 2,
Tk 0 6 2 A7 4G 0, A+ PR IK L R B0 K
Yalikun 45 7 @A TE VD A AT A A 2 AL s
FIAG. B = Fh a7, Hile F BT R B AR
KL NSP-PC., # NSP-PC &4 7£ GCE % 1, 15 3|
TAEHA NSP-PC/GCE, HI T4 FH ik (MNZ), 5
HFRAEE 0.013umol/L., [RlNf, A E . 20U, it
ORI PRIR . EIEINE . PUIR AR . 4E4:F E MEURE
2%} MNZ f 0 T T4/ . Veerakumar 45 ©°
DAY B 758 R A W R UR, e fb ) Rk & w4 T
Pt-Re NPs/PAC 4510, F1 FH T FEL A 27000 2 1K g e
KGR 1 ~ 299umol/L, 46 H FRAE 2 0.075umol/L,
REUFH 5.52uA/(mmolecm?), Malode % 590 g
FEFEAT AR 10 A 35075 16 M Bkl P Al P ARSI 55 (At
RGP IFTIRER . FrAe s B i r AR X 7S e Bk —
FEIRAR B A o B SIS A R ) LA 25 s 1) R A
FIEE£EE, 46 H B h 2.13nmol/L, 28V 5 2530 Bl
0.001 ~ 6000pmol/L, X} HA7 53+ B T4 7] LA ZBg A
TF, B TR ADR | 103 | BEZLEE & A Z59) J 35
(1 PR 250 MR, IR . Liu 45 L0 DS se g 32
TE R T A A Z LAY dk, FH T ST 0k e 7 AR
E SR Y AL 2E AR IR . R SEML XRD. FTIR
BN R e S O o N M 0 R e 1
eSS MR EAT T R AE . M2t gs R R, 75
700°C RACSAF T il £ ) 8 52 e ELA T 5 A0 PRGHAS:
I Tk T PG AR Y AR R RE D, £ M YE L R 0.40 ~
80umol/L, & i B 4 0.55pA/umol, # i R K
0.11pmol/L (S/N=3), iZA& a5 7T Fl T2 brhi¥y ()5
TR R H i R 1k g ) e TR R
Chang 227 5L R0 2H 1) FH I 1 46 1) 2% 22 07 524 B RHIE
R HUR A R 2 T HL R, I DPV HOR R 4
2, DPV W HL R B A8 R 2R MG &, Kl
FiloA 1 ~ 200pumol/L, fIA HBR A 0.57umol/L (S/N=3).
FESCIERN b, PP T A 8 A T A8 R R Y 5
FHPE, DhAt | WRFR PR A 43 %t 42, SR I [mhiseik
K, [Nk 85.96% ~ 106.72%, RSD#AK

B T FEAL 2R 2] SR I rh S R T2 A8, AR R &
Wi AR AR TT DU T 25 40 F AR 43 BT . Cheng
i L0V S 1 4 ST 2 B AL S K B 4R Au T Pt 4
KHLF, il % Au-Pt@BPC & A4, ¥ HAE i T CILE
FEMAE ARG B 5 R TAE M . TERAESMET,
Z AL B An 2 PR Ju Y 0.48 ~ 2.0pumol/L Al
4.0 ~ 140.0pumol/L, £ H FRAL 2 0.01pumol/L. %M

FEL R 2y T 25 0 R AR PR it T B 45 2R B i
BRI . A 2 D62 SR s R A IR A R A
Lk, E— R H A3 ik o S 2 RER N
KEE A, BT GCE KA, #4 8 —Fp T H# 2
R RO ) AL AR . R OV F9E T 85
T HL A ], 45 53R B T R AR RS LA A
e P R A AR A ARG B o

BN, %3 BRI HLEE H AT — EIA N B
K TP PR A P A A AR AL BB, AR B Y
SRR JFVEAE o SCHRFR A 1 35 T 26 W e k2 oA,
AR B A 27 A 8 T T PR 2 43 BT I, B R 2 ) o
HRAEAHXT L L, FoAth R 259 S0t i) S BT AR X 3 2, T R
5o 2 Wy 5T ) ik o3 5 2 AR R R AE G, HATRY I
ST A5 A LU 1] T R AR A 28 A5 IR 3 A A Y B, 3
RAMTEE . 2 3 %F kA= Py o FEAR TR A6 U A ]
4RI S BT T A . AeE 2RI, S
BroAE i 114 A BLAF G 3 B, R B HL 25 Rl 5 v
2y SR RE S AG I RS, A A R o B R i 4, ELIR]—
T2 rh S5 R RN IL B I 2, SR AR I e R
BUR T, B B AL B T LA ARSI Z2 R I
2.3 1A T o b R

Yo T IRAFAE T AR ARG R B P AR
FTIRem I, EEAREmOKILEY . IRIS. B,
FER . AEA RZ LR FY) . BT, AW e A 8%
A EAE Y T BRIy T, AR AR R A 2
Jiie . PRIR K BoIp i iR 45 TURP 9 5 43 v, o g o i
S I AR X A0

Li 5 LT LIS g LR W) TR IR, 45 7T IR
CuO GKFEFNZS DR A YL A 41 FH (CuO NRs@PC),
FH T 4 g Al Tl A 2 L IR e, R T R A R
(5 ~ 8000pmol/L), £ tH FRAIL 2 0.1pmol/L, R HE K
609uA/(mmolecm?), A& i 142 & 1T i 2 R
L =2 Z2 L5 A I B o TR R, HAM R R
U (0 H S R T AR ) o 5 F R T 2 R 1Y
ik o BLAN, MR B i BB AL B AL T A &k
DRI TR RIS PR . Qu 4 T SR AT
IR, 1 B AL T 7138 CoS 9K AL, il 45 CoS@C &
AR B ififE GCE # 115 £ Nafion/CoS@C/GCE
A R, T 2 OB R, A Y L R 10 ~
960umol/L, ¥ i FR & 2umol/L. F iR AR ff#E i 35
BRI BRI S R U . 0 TR A ik
FEVERNGE S04 R 0%, Shan 25 15 5@ b i A hE R
1Ll (GOD) [&] 22 7E 45 45 ik 117 4 3D £ fL 7% (3D-
CVS) b, 4 T —Fh i B 1) 4 45 W5 A % I8, 46
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Table 3 Detection parameters of drugs by electrochemical sensor methods based on different biochar materials.
it 447 S Kol 1 PR Il S5
(umol/L ) (umol/L )
PNC/PGE DPV AmHE 1 ~200 0.57 [22]
ZKAKC/GCE DPV X BEASE B 0.01~20 0.004 [60]
0.1 ~45
5 Tl 57
NSP-PC/GCE LSV P i e 50350 0.013 [57]
Pt-Re NP/PAC/GCE LSV 1K 45 i 1~299 0.075 [58]
RHG/CPE SWV LIRSy 0.001 ~ 6000 2.13x107° [59]
C-CS-700/GCE DPV RPN 0.4~ 80 0.11 [60]
0.48 ~2.0
5 HIEE . 61
Au-Pt@BPC/CILE DPV iy 40~ 1400 0.01 [61]
BPBC-MWCNT/GCE DPV R 0.004 ~ 100 1.33x107° [62]

P M 17 385 FEL R 0.58 ~ 16mmol/L, I H ELA & m iy =R
TR ANERATR A A B

Padmapriya 45 | $2 1 T — R LI FAE AL A 4R
B oy JERE K B 1l ol W45 44 ik B R (NLP-
CQDs) [ A i J5 ¥, LA N,P-CQDs i &4 b4 k) iy 2
RIS TR Z M . N E TR m T
CQDs I i 3 2, 1 % 3 W Y —COOH, —NH, #ll
—PO; S SL A B M S | BH S 7, th TR R
MR THEF. Hik, rig @G s £
EL Bl EL A 5 v ) 3 B R R B | AR A A ) FR
(~ 500pmol/L) FIHL e RZAEIE R (6.0 ~ 0.1mmol/L).
BUAR, 75 22 TR S S AR il v R ARG 22 EEL e, A6
it IR ARZ 630pmol/L, £k ¥ 3§ [l 24 2.5mol/L &
0.16mmol/L,

TR, ik AL B K 2 ARk
FaliE Yy skl miRdE 48 N P B2 AWk, 5
F A T Eik CuO Ml CoS 254 mAL B Y E S
I, X AT RESE A W0 T I RR IR S He e 1, oo
ali () A= W e B AR R AR, b aitl i 5 | A HAth R 4
JE A R AR U S N & o Be AN, BT LASE ) 7E HL A
BT H Al 9 5 () 2 b 2 R ) A B
Jin 25 D20 LR BS 26 M BRIR, 28w IR BB A1 KOH 3
T & 3 R 2 AL R (KACM), 5 KACM FlHf 2
(Thi) [AIAF 41 4F GCE ifi I, # & T H FRHTIR
MR AR FR 1Y Thi/KACM HLAL~ AR . H ikl
TRZE TR B, 2 A% B KPR il R A AR R A AL LA
B W HE AL TR P, IS SR AR B AT B0 10 oy B
TEPACEAE T, RAPEJE R YE (0.05 ~ 9mmol/L), i Hi R
i (BUIRIMLAER 6.4pumol/L, FRER 10umol/L), LAk, %
A AR RS B AP R | R MR A
K H Thi/KACM/GCE [R] s K6 0 A R 3 H DR R 1Y
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[ A 99.4% ~ 101.0%. Valenga $2 i T —Ff It
FHIBF (Cu™) 58 78 A ¢ b 1 v A2 A% TR A
JH T 1) B ol = F AR L) RO, K Cu?
FE R A 0 1 A M 1 B B R AN 2 T, SR U Ak ke
VBT &5 B A 2 L, PRk WU 28 5 9 ) T 1 3
Cu™ IR LA S, LA L1k Bk 2E BT b,
LR RIS R 300 ~ 700pmol/L, A Y BRI 5E it R
43514 91.0pumol/L F1 300pmol/L, & AR EN ABE
X A B PR YA i v LT 2 A 0, e B vk Oy
300pumol/L, fInr M4 101%+7% .

PR, BT LRI 2 PR R
IR 550 J5 (4 4317, AR ML Z AR R T 2 1 n] LUK
T A 300 537, B v 1 TR R B S Ry S M e A
(M SERS b, 5 HAG I B AR TG, dE— 2 il
JRRA ) 7 FH 40T

3 3

LT ) 5 1 P A 2 1 R R P R,
SERFPRLELIL, S5H . FeTm B REA BRI R
UL AR, (RS ARG B G L B g 5
IR L RS S, W R R | B e FA 3R
T A RHACRR . FUE pHL. B i B S5 PRI 30 O
H T, EFRBETS Y . 259 B B4y T4 B b el
) P TR e = T DA 5 AT v A Tl A R 4,
I 48 22 R B ) R SRR AL AR Bl b, O R e
JEEI P RERS TR AL B AL L ER G B — R AR
F W TR IR AL A IR R, ROk B
FTELUT =7

(1) B P27 14 S R W 10 412 125 M T A 1
WM B PR, A e RO R B AR H A
RN F IS ARAR G . ARG 7
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AREGEE S RIS FFHRABIFE o

(2) FE AL 2 AR SR A A AGL I 25 b A TR PR SEEAE: i
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Research Progress of Biochar Based Materials and Their Applications Using
Electrochemical Sensors

WANG Baoli, ZHANG Yijun, ZHANG Yuhang, CHEN Yan
(Haikou Key Laboratory of Marine Contaminants Monitoring Innovation and Application, Haikou Marine

Geological Survey Center, China Geological Survey, Haikou 571127, China)

HIGHLIGHTS

(1) As a new detection and analysis device, the detection limit, sensitivity and linear range of the electrochemical
sensor are affected by the electrode modification materials.

(2) The advantages and disadvantages of three different biochar preparation methods and the performance
parameters and technical indexes of the synthesized materials were summarized.

(3) The latest application progress of biochar based electrochemical sensors in the analysis of environmental
pollutants, drugs and biomolecules was reviewed.

(4) The development direction of biochar based electrochemical sensors is to broaden the detection range, improve

the detection performance, determine the field detection and explore the detection mechanism.

ABSTRACT: Electrochemical sensors have become a research hotspot in the field of analytical chemistry due to
their high sensitivity, good selectivity, and fast reaction rate. Using biochar materials to construct electrochemical
sensors is a low cost, accessible and effective route to achieve excellent detection performance. This review
summarizes the research progress of biochar based electrochemical sensors in the detection of environmental
pollutants, drugs and biomolecules on the basis of briefly describing the synthesis methods and the structural
properties of biochar-based materials. The synthesized biochar and the corresponding constructed sensors indicate
that electrochemical sensors hold significant advantages in high-precision and high-stability chemical-signal testing.
Further research will focus on optimizing the structure of carbon materials, regulating the composition of them, and
preparing high-performance biochar-based materials that are more suitable for electrochemical sensors, so as to
reduce the detection limit and improve the sensitivity. Besides, it is urgent to fabricate portable sensors based on
biochar to determine rapid and intelligent analysis and detection, and the sensing mechanism and testing
performance improvement mechanism are problems that must be deeply explored. The BRIEF REPORT is available
for this paper at http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykes.202403170058.

KEY WORDS: electrochemical sensor; biochar; environmental pollutants; drugs; biomolecules
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BRIEF REPORT

An electrochemical sensor is a device used for qualitative or quantitative detection and analysis by measuring
the electrochemical signal of the target substance!'l. Compared to traditional instrument analysis methods, such as
high-performance liquid chromatography, inductively coupled plasma-mass spectrometry, and ultraviolet
spectroscopy, electrochemical sensing technology has become a research hotspot due to its convenience, high

sensitivity, good selectivity, and fast reaction rate™*

. During the analysis and detection process, the working
electrode determines the specific capture and recognition of the substance to be measured, which is the crucial factor
that affects the performance of the electrochemical sensor' . Effectively modifying electrode sensitive materials on
the electrode surface to achieve electrochemical signal amplification is the key to enhancing the detection
performance of electrochemical sensors.

Biochar based materials have attracted extensive research interest from scholars due to their unique structure,
wide availability, high sustainability, economic compatibility, and renewable characteristics''”. Their applications

[11] [12]

mainly include catalysis , adsorption and separation'’!, hydrogen storage''*!, solar

[15]

, carbon dioxide capture
cells!"™, water treatment!'”), energy storage!'”), and electrochemical sensors!'®. In recent years, scholars have been
committed to improve the performance of electrochemical sensors based on biochar materials. The main methods
include activation, heteroatoms doping, and loading of metal/metal alloy/metal oxide nanoparticles' =",

The applications and research status of biochar-based electrochemical sensors were summarized in this review.
The main synthesis strategies of biochar and the applications of biochar-based electrochemical sensors in the
analysis of environmental pollutants, drugs and biomolecules were summarized. Besides, the detection parameters
were evaluated and compared, and the related technical difficulties were discussed in detail. On this basis, the
existing difficulties in this field were analyzed, and the future development direction was proposed.

1. The synthesis methods of biochar materials

(1) Pyrolysis carbonization method. When the pyrolysis carbonization method is used to prepare carbon
materials, the biomass can be treated simply, and no other reagents are introduced to direct carbonization. For

21]

example, Yin et al.”"! collected crab gills for simple pre-treatment, such as crushing and drying and then carbonized

to a prepared biochar. By introducing other catalysts and activators into the biomass, the graphitization degree and

22331 The steps involved in pyrolysis

pore structure of the prepared carbon materials can be effectively improved!
carbonization are very complicated, the mechanism is still not completely clear because of the complexity of
reaction conditions. According to the analysis of the current research results, the biochar prepared by pyrolysis at a
lower temperature (400—500°C) has rich functional groups on its surface, which is more suitable for the field of

pollutant adsorption**>).

26]

(2) Hydrothermal carbonization method. In 1913, Bergius et al.* used the hydrothermal carbonization

method to transform cellulose into carbon-like materials for the first time. The biochar prepared by the hydrothermal

27-29

method is mostly carbon quantum dots”’?*). As the hydrothermal method was employed to prepare biochar, the

solvent used can be pure water or other solvents, and other activation reagents or catalysts can be introduced into the

3031 The advantages of the hydrothermal method are that the reagents used are less toxic, the shape

reaction system!
of the carbon material can be adjusted by changing the reaction temperature, and the instruments used are facile.
One of the main disadvantages is that the hydrothermal reaction is carried out in a closed high-pressure
hydrothermal kettle, which can easily cause accidents if it is improperly operated.

(3) Molten salt carbonization method. The process of molten salt carbonization is similar to that of pyrolysis
carbonization, in which the carbonization and activation of biomass are carried out simultaneously in a molten salt
medium, thus greatly reducing energy consumption. The main difference between the two methods is that molten
salt can act as a catalyst to accelerate the conversion of biomass to biochar. Single NaCl, KCl, LiCl and ZnCl,, or a
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combination of them are commonly used as the molten salt medium®*?*!. At present, the main problem of the
molten salt carbonization method is how to deal with the salt used in the synthesis process. After the reaction, the
obtained material is usually a mixture of carbon materials and molten salt. When the product is treated, the molten
salt is generally removed by filtering and washing, and the filtrate is a large amount of molten salt waste liquid,
which is difficult to recycle. In addition, the corrosion problem of the reaction vessel is also difficult to solve**>*],

2. Applications of biochar materials in electrochemical sensors

(1) Application in the analysis of environmental pollutants. Biochar materials have been widely used in
electrochemical detection of environmental pollutants, and are often used to detect organic compounds and heavy
metals. For example, N,H, and phenolic compounds can be detected by biochar based electrochemical sensors with
a low detection limit and good sensitivity. Bedsides, electrochemical sensors based on biochar are widely used in the

#3461 By optimizing the structure and composition of biochar, different phenolic

detection of phenolic compounds!
compounds in water can be detected simultaneously. The detection mechanism is relatively clear. As for heavy
metals, electrochemical sensor technology is widely used in the analysis of Hg>", Pb*", Cd*" and Cu®’, and its
detection mechanism is mainly that the redox reaction between the electrode sensitive material and the measured

substance causes the current signal of the electrode to change, so as to achieve the purpose of quantification®***>%,

Recently, electrochemical sensors have made a breakthrough in the detection of environmental microplastics™ >,
Although the qualitative and quantitative detection of ~100nm polystyrene microplastics is realized through material
regulation, the detected polystyrene microplastics is only a theoretical model of microplastics, and the actual
microplastics in water are much more complex in terms of composition and particle size, which is also a common
problem encountered in the detection of microplastics. Further research is needed in the use of electrochemical
sensors to detect microplastics in actual water samples.

(2) Application in drug analysis. In drug analysis, biochar based electrochemical sensors have made some

(22:56:601 and traditional Chinese medicine!®*”; the more common detection targets in

progress in chemical drugs
chemical drugs are acetaminophen and antibiotic substances. This is mainly because the surface functional groups of
the synthesized carbon materials, including —OH and —COOH, interact relatively easily both physically and
chemically with such substances, resulting in significant changes in electrochemical signals, and the detection
mechanism is relatively clear. In the analysis of traditional Chinese medicine, more flavonoids were reported, while
relatively few other traditional Chinese medicine substances were analyzed, which may be related to factors such as
the complex composition of the measured substances in traditional Chinese medicine. The current research focus is
also inclined to reduce the detection limit of such sensors and expand the detection range. In addition, the detection
mechanism of flavonoids has always been thought to indicate that the hydroxyl group is oxidized to the carbonyl
group by the electrode material, which produces an obvious redox peak signal.

(3) Application in biomolecule analysis. Biochar based sensors in the detection of biomolecules mainly
concentrated in the analysis of several substances such as glucose, dopamine, uric acid and ascorbic acid, whereas
other biomolecules detection is relatively rare/® . Most of the sensors constructed are not based on pure biochar
materials, but non-metallic N and P doped biochar, or loaded with metal compounds such as CuO and CoS. It may
be determined by the special structure of biomolecules, which is difficult to interact with a pure biochar skeleton.
The reaction must be facilitated by the introduction of other non-metals or metals. In addition, biomolecule detection
can be achieved indirectly by introducing other substances on the electrode.

3. Future perspectives

The detection performance of electrochemical sensors based on biochar is mainly affected by factors such as
the composition, structure, surface functional groups, and morphology of the biochar materials. In addition, the
detection limit, detection range, and sensitivity of the sensor are related to detecting conditions, such as electrolyte
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type, volume of carbon material modified on the electrode surface, electrolyte pH, and ion strength. At present,
sensors constructed for the analysis of environmental pollutants, drugs, and biomolecules mainly adopt traditional
large-scale electrochemical workstations as detection systems, and the development of portable sensors is relatively
lacking. In addition, the performance enhancement mechanism and detection mechanism of the constructed sensors
need to be further explored in depth. For the development of biochar-based electrochemical sensors, the following
three aspects need to be focused on:

(1) The improvement of the detection performance of electrochemical sensors depends on the rational design of
modified electrodes, mainly related to the intrinsic electrochemical activity of electrode sensitive materials, surface
modification techniques, and sensor detection parameters. In the future, in the synthesis of carbon materials, clear
composition and adjustable morphology and structure of biochar should be achieved, which is conducive to
improving detection performance and exploring sensing mechanisms.

(2) Electrochemical sensor devices have a promising development trend in detecting various environmental
samples, and biochar based electrochemical sensors are gradually moving towards portable sensors. The
combination of new 3D printing technology and miniaturized electrochemical workstations can develop low-cost,
high-sensitivity portable electrochemical sensor devices. In the future, this technology can be further expanded to
build biochar based intelligent portable sensors, achieving on-site, rapid, and intelligent analysis and detection.

(3) The exploration of sensing and performance enhancement mechanisms is also a problem that must be
deeply studied in the development of biochar based electrochemical sensors. In the future, it will be necessary to
combine experimental results with theoretical calculation to clarify results, further optimizing the performance of

sensors and promoting the development of biochar based electrochemical sensors.

Sk Materials Today Advances, 2023, 17: 100340.
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